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ABSTRACT

Nb~methyladenosine (m®A) is the most abundant mRNA modification and is crucial for
gene expression regulation in numerous biological processes. In mammals, m°A methylation is
specifically deposited on a subset of mRNAs and is strongly enriched within long internal exons
and near stop codons. This specificity is central to m®A-mediated gene expression regulation, as
mPA reader proteins bind m®A methylated regions of transcripts and exert downstream effects on
gene expression. However, the basis of this specificity is poorly understood. Here, we develop a
Massively Parallel assay for m®°A (MPm®A) to systematically elucidate determinants of mRNA
mPA specificity. Unexpectedly, we discover that m°A specificity is globally regulated by m°A
“suppressors” that prevent m®A deposition in unmethylated transcriptome regions. We find that
spliceosomes selectively suppress m®A methylation in an exon length-dependent manner by
depositing Exon Junction Complexes (EJC) that protect exon junction-proximal RNA from
methylation. EJC suppression of m°A underlies multiple global characteristics of m®A specificity.
EJC depletion causes aberrant methylation of thousands of mRNAs, resulting in widespread mSA-
mediated gene expression dysregulation. Altogether, we demonstrate that m®A suppression by
EJCs is a major mechanistic determinant of m®A epitranscriptome specificity. Furthermore, we
find that EJC-suppressed methylation sites co-localize with EJC-suppressed splice sites,
suggesting that EJCs broadly suppress local mRNA accessibility to regulatory machineries by

packaging proximal RNA.
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INTRODUCTION?®

RNA modifications and gene expression

The ability of organisms to read out the genetic instructions encoded in their DNA forms
the basis for life. This genetic information is encoded in discrete units called genes, which
comprise specific sequences of the four nucleotide monomers in DNA, with the nucleobases
adenine (A), thymine (T), cytosine (C), and guanine (G). Genes specify the complex system of
chemical processes that are required to sustain living systems. The process by which cells read out
genetic information is called gene expression. During gene expression, the information contained
in the DNA sequence is expressed into different chemical forms. First, the DNA sequence is copied
into a complementary sequence of RNA through transcription by RNA polymerases. This RNA,
called pre-messenger RNA (pre-mRNA), then undergoes a variety of processing steps, including
capping, splicing, and polyadenylation, to produce mature messenger RNA (mRNA). The mRNA
sequence is then translated from the 4-letter nucleotide alphabet of DNA and RNA into the 20-
letter amino acid alphabet of proteins by ribosomes. Ribosomes collaborate with transfer RNAs
(tRNA) that are bonded to amino acids to decode the mRNA sequence and synthesize proteins
with the corresponding amino acid sequence. Proteins are the principal workhorses of the cell and
are involved in virtually every cellular process. Proteins catalyze chemical reactions, act as
structural scaffolds, organize subcellular structures, generate movement, sense signals, and

perform many other essential biological processes. RNA, in addition to its function as an

2 Parts of this section are reproduced or modified from He P.C., He, C. (2021) m®A RNA
methylation: from mechanisms to therapeutic potential. The EMBO Journal. e105977



information-carrying intermediate between DNA and protein, can also itself play certain functional
roles through the catalysis of certain reactions and formation of protein-RNA complexes. This
flow of genetic information from DNA to protein, termed the central dogma of molecular biology,
is a fundamental feature of biological systems.

At any particular time, a typical human cell expresses only a subset of the ~20,000 genes
in its genome. The set of genes that are actively expressed, and the abundance of the gene products,
determines the function and identity of a particular cell. Thus, the ability of cells to robustly express
their genes with high fidelity is crucial. The process of gene expression is finely regulated to ensure
that the correct levels of gene products are produced. The rate and extent of gene expression is
controlled at the transcriptional level, by factors such as transcription factors (TFs) and chromatin
modifiers, at the post-transcriptional level, by factors such as RNA-binding proteins (RBPs) and
RNA modification enzymes, and at the translational level, by factors such as kinases that
phosphorylate translation initiation factors (Gehring et al., 2017; Jackson et al., 2010; Lee and
Young, 2013). Different genes are subject to distinct modes of gene expression regulation by these
factors due to variations in their sequences and architectural features. Differential expression of
genes underlies diversity in cellular form and function across time and space. For example,
different specialized cell types exhibit distinct gene expression programs that are tailored to their
functions (Chen et al., 2018b). Changes in gene expression in response to outside stimuli enables
changes in cellular behavior, such as in the immune response to invading pathogens (Carpenter et
al., 2014). Finally, dysregulation of gene expression can lead to pathophysiological states, such
as cancer (Bradner et al., 2017). Altogether, proper gene expression regulation is essential for

diverse biological processes necessary for life.



Outside of the standard alphabet of nucleotides and amino acids that are used for gene
expression, DNA, RNA, and protein also contain modified nucleotides or amino acids that differ
in chemical structure from their canonical forms. Some of these modifications are the result of
chemical damage from environmental sources, but many are due to targeted enzymatic
modification of these biopolymers by dedicated cellular machineries (Chatterjee and Walker,
2017). These modifications impart modified DNA, RNA or protein with new properties, expanding
the functional repertoire of these biopolymers. DNA and protein modifications have been
extensively studied and have been shown to play essential roles in the control of gene expression
and countless other cellular processes in physiological and pathophysiological settings (Allis and
Jenuwein, 2016; Prabakaran et al., 2012; Suzuki and Bird, 2008). Like DNA, RNA contains four
primary nucleotides, with the nucleobases adenine (A), uracil (U; instead of thymine), cytosine
(C), and guanine (G). Cellular RNA additionally contains a diverse array of modified nucleotides
(over 150 discovered so far) that are produced through enzymatic modification of the nucleobase
or the ribose backbone (Boccaletto et al., 2018; Roundtree et al., 2017a). The modifications
diversify the functionalities of these RNAs following their initial synthesis. Modifications can alter
RNA structure by promoting or disrupting intramolecular interactions and can make RNAs more
rigid or flexible (Ontiveros et al., 2019). They can also promote or disrupt RNA interactions with
other biomolecules, such as RNA binding proteins that control gene expression or the antiviral
immune response.

As a principal function of many cellular RNAs is to facilitate gene expression, it is perhaps
unsurprising that many RNA modifications have been shown to impact gene expression. RNA
comprises both a substrate that carries the genetic information, mRNA, as well as essential

components of the gene expression machinery, including snRNAs that control splicing of pre-



mRNA, and rRNAs and tRNAs that enable the translation of mRNA into protein. All of these RNA
species contain RNA modifications that are important for their gene expression functions
(Roundtree et al., 2017a). mRNA modifications have been the focus of intensive study in recent
years, largely driven by the development of new methods that map their presence on mRNA by
next-generation sequencing technologies (Li et al., 2017b). These mRNA modifications include
methylation of the nucleobase or ribose backbone, acetylation of the nucleobase, and isomerization
of wuridine to pseudouridine. Collectively, these mRNA modifications comprise the
“epitranscriptome” (derived from the Greek prefix epi- (émi- "over, outside of, around")), so
termed because these modifications comprise a layer of features on top of the information encoded
in the primary RNA sequence (Fig. 1) (Roundtree et al., 2017a). These mRNA modifications
impact gene expression of modified transcripts through diverse mechanisms. In addition to the
mRNA modifications that naturally occur on RNA, non-endogenous mRNA modifications can be
incorporated onto synthetic mRNA for translational applications, such as the use of N!-
methylpseudouridine in COVID-19 mRNA vaccines to tune mRNA immunogenicity and stability
(Nance and Meier, 2021). Here, we focus on the most prevalent naturally occurring mRNA

modification in mammals, N®-methyladenosine (m®A).

mC°A methylation

N®-methyladenosine (m°A) is an adenosine derivative in RNA that plays wide-ranging
roles in gene expression (He and He, 2021). m®A is found in a variety of different species of RNA,
including mRNA, rRNA, snRNA. The presence of m°A in mRNA was first identified in the 1970s,

and the methyltransferase complex that catalyzes m®A mRNA methylation was purified in the
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1990s (Bokar et al., 1994, 1997; Desrosiers et al., 1974; Lavi and Shatkin, 1975; Perry et al., 1975;
Wei and Moss, 1977; Wei et al., 1975). m°A methylation is present in the RNA of many eukaryotes
and is the most prevalent mRNA modification in mammals, where it is present at tens of thousands
of sites across the transcriptome, at a frequency of 0.15-0.6% of all adenosines (Table 1)
(Dominissini et al., 2012; Ke et al., 2015; Liu et al., 2014). m°A is decoded by the ribosome as
adenosine and therefore does not alter the genetic code. Instead, m®A plays important roles in gene
expression regulation, as m°A methylation of mRNAs can alter the activities of cellular gene
expression machineries on these modified RNAs.

A complement of mSA pathway proteins have been identified and can be categorized into
three groups according to their activities: “writers”, which install m®A methylation, “readers”,
which preferentially bind m°A, and “erasers”, which reverse m°A methylation. The
METTL3/METTL14 RNA methyltransferase complex is the predominant m®A writer on mRNA.
METTLS3 is the catalytically active subunit, while METTL14 plays an essential structural role to
facilitate catalysis(Liu et al., 2014; Wang et al.,, 2016a, 2016b). The METTL3/METTL14
heterodimer catalyzes the transfer of a methyl group from S-adenosylmethionine (SAM) to the N®
position of adenosine withina DRACH (D=A,Gor T; R=A or G; H=A, C or U) RNA consensus
sequence. Orthologs of METTL3 and METTL 14 have been identified in the sequenced genomes
of many animals and plants, as well as some fungi (Bujnicki et al., 2002). METTL3/METTL14
associate with a large holocomplex approaching 1 megadalton in size composed of
methyltransferase accessory subunits WTAP, VIRMA, RBMI5A, RBMI15B, ZC3H13 and
HAKALI (Guo et al., 2018; Knuckles et al., 2018, 2018; Patil et al., 2016; Ruzicka et al., 2017; Wen
et al.,, 2018; Yue et al., 2018) Some of these accessory subunits are required for the proper

localization of METTL3/METTL14, and others have been suggested to influence the selective



deposition of m°A by the methyltransferase complex. The METTL3/METTL14 methyltransferase
complex typically exhibits a nuclear localization and deposits m®A methylation onto mRNA
transcripts, as well as other RNA Polymerase II (Pol II) transcribed RNAs, including long
noncoding RNAs (IncRNA) and primary microRNAs (pri-miRNA) (Alarcon et al., 2015a; Ke et
al., 2017; Knuckles et al., 2018; Slobodin et al., 2017a). m°A methylation is specifically deposited
on a subset of cellular mMRNAs and is strongly enriched within certain transcript regions, such as
in long internal exons and near stop codons (Dominissini et al., 2012; Ke et al., 2015; Meyer et al.,
2012). mSA is installed by METTL3/METTL14 in a substoichiometric manner; the percentage of
cellular transcripts that are methylated at a particular site can vary from 2-3% to 80% or more
(Garcia-Campos et al., 2019; Liu et al., 2013).

Deposition of m®A by METTL3/METTL14 marks specific cellular transcripts for m®A-
mediated gene expression regulation (Figure 2). m®A methylation modulates pre-mRNA
processing, promotes mRNA nuclear export, controls mRNA localization, modulates mRNA
stability, increases translation efficiency, and facilitates non-canonical translation initiation
(Barbieri et al., 2017; Kasowitz et al., 2018; Liu et al., 2015, 2017; Meyer et al., 2015; Ries et al.,
2019; Roundtree et al., 2017b; Slobodin et al., 2017a; Wang et al., 2014a, 2015; Xiao et al., 2016;
Zhou et al., 2018, 2019a). Many of these effects are mediated by m®A “reader” proteins that can
selectively recognize m®A and exert a regulatory function on méA-marked mRNA. m®A readers
include members of the YTH family, which bind m°A with their eponymous YTH domains (Hsu
et al., 2017; Roundtree et al., 2017b; Shi et al., 2017; Wang et al., 2014a, 2015; Xiao et al., 2016).
The mammalian YTH family proteins consist of YTHDF1, YTHDF2, YTHDF3, YTHDCI1 and
YTHDC2. The mammalian YTHDF family of protein are cytosolic m®A readers that regulate

mRNA degradation and translation. YTHDEF2, the first to have been characterized, promotes the



degradation of m®A-modified RNAs for by multiple mechanisms (Wang et al., 2014a). YTHDF2
recruits the CCR4-NOT deadenylase complex to promote deadenylation and degradation of mSA-
marked mRNAs and promotes endoribonucleolytic cleavage of m°A-marked mRNAs by the
RNase P/MRP complex (Du et al., 2016; Park et al., 2019). The two other cytosolic YTHDF
proteins, YTHDF1 and YTHDF3, have previously been reported to facilitate translation of their
target methylated mRNAs. YTHDF1 promotes translation by recruiting the translation initiation
factor elF3 to bound mRNAs (Wang et al., 2015). YTHDEF3 interacts with YTHDF1 and is thought
to shuttle its bound transcripts to YTHDF1 to promote their translation (Shi et al., 2017). More
recently, it has been proposed that YTHDF1, YTHDF2 and YTHDEF3 act redundantly to decay
mC®A methylated transcripts (Zaccara and Jaffrey, 2020). Further, YTHDF proteins have been
proposed to control the subcellular localization of methylated RNAs by phase separating and
partitioning into specific subcellular compartments (Ries et al., 2019).

In contrast to the cytoplasmic YTHDF proteins, YTHDCI1 exhibits a nuclear localization
and regulates gene expression steps that take place within the nucleus. YTHDC1 has been reported
to modulate splicing, alternative cleavage and polyadenylation (APA), and nuclear export of m°A
methylated mRNAs (Kasowitz et al., 2018; Roundtree et al., 2017b; Xiao et al., 2016). YTHDCI1
has also been reported to bind methylated non-coding chromosome-associated RNA transcripts
and mediate their decay, which downregulates transcription of nearby mRNAs (Liu et al., 2020a).
YTHDC?2, the final member of the YTH family, is also a member of the DExH family of RNA
helicases and contains multiple RNA-binding and helicase domains in addition to its YTH domain.
YTHDC?2 is an RNA-induced ATPase that exhibits 3’ to 5° RNA helicase activity. YTHDC2 has
been proposed to regulate translation through disruption of RNA secondary structures (Mao et al.,

2019). It has also been implicated in mRNA degradation through its interaction with the 5°-3’
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Figure 2. m®A methylation is a multifaceted regulator of gene expression.

mPA (red circle) regulates transcription, alternative splicing, alternative polyadenylation, nuclear
export, cap-dependent and cap-independent translation, mRNA degradation and mRNA
stabilization. A diverse set of m®A reader proteins that preferentially bind m°A methylated regions
mediate these multifaceted effects on gene expression. Note that for clarity, nuclear processes are
shown to occur after release of RNA from the polymerase, but some of the depicted nuclear
processes may also occur co-transcriptionally. Figure originally published in (He and He, 2021).



exonuclease XRN1, though a direct effect on mRNA decay has not yet been demonstrated (Hsu
et al., 2017; Kretschmer et al., 2018; Wojtas et al., 2017).

Deposition of mA on mRNA can also alter local RNA secondary structure and modulate
the accessibility of proximal sequences to RNA-binding proteins that regulate gene expression.
m®A can exert stabilizing or destabilizing effects on secondary structure, depending on its
sequence context, with destabilizing effects appearing more predominant transcriptome-wide
(Kierzek and Kierzek, 2003; Roost et al., 2015; Spitale et al., 2015; Sun et al., 2019). m°A
methylation at “mSA-switches”, regions in which m°A alters the structure of proximal RNA
sequences to increase local accessibility to RBPs, facilitates binding of pre-mRNA processing
factors HNRNPC and HNRNPG to m®A methylated RNA (Liu et al., 2015, 2017; Zhou et al.,
2019a). Several other RBPs that preferentially bind m°A methylated regions have also been
identified, but beyond the YTH family and HNRNPC/G, how these proteins selectively bind m°A
methylated regions has not been conclusively elucidated (Ae et al., 2017; Alarcén et al., 2015b;
Edupuganti et al., 2017; Wu et al., 2018a). More recently, it has been suggested that m®A may also
regulate gene expression by disfavoring the binding of certain RBPs to mRNA, as has been
reported for G3BP1 and LIN28A (Edupuganti et al., 2017; Sun et al., 2019). The wide array of
mRNA processing factors whose activities are affected by m®A methylation enable m°A to regulate
many of the diverse molecular processes involved in gene expression.

An important aspect of m®A methylation is its reversibility, allowing for regulation of m°A
levels following initial deposition. Two RNA m°®A demethylases have been identified, FTO and
ALKBHS. Both are iron- and o-ketoglutarate-dependent dioxygenases that mediate oxidative
demethylation of m®A. It was first reported that FTO demethylates mSA on polyadenylated RNA,

which was subsequently confirmed by several studies. Since these initial studies, other substrates

10



have since been reported; FTO has also been shown to demethylate m®A and m®An, on mRNA,
m®Ap, on U2 snRNA and m'A on tRNA (Mauer et al., 2017, 2019; Wei et al., 2018). The substrate
preferences for FTO appear to vary based on its subcellular localization -- the demethylation
activity of FTO on m®A is more pronounced in the nucleus, while its demethylation activity on
mPAy, is more pronounced in the cytoplasm (Wei et al., 2018). FTO has been reported to play roles
in several steps of gene expression, from pre-mRNA processing steps, such as alternative splicing
and alternative polyadenylation, to translation (Yu et al., 2018). ALKBHS has a narrower substrate
preference, appearing to be specific for m*A. ALKBHS5 has been reported to play important roles

in splicing and nuclear export (Tang et al., 2018; Zheng et al., 2013).

Role of m°A in physiological and pathophysiological processes

Given its wide-ranging roles in the regulation of gene expression, it is perhaps
unsurprising that m°A is essential for numerous physiological processes. Depletion of METTL3
homologs leads to defective meiosis in yeast, and developmental arrest in flies and plants
(Agarwala et al., 2012; Bodi et al., 2012; Hongay and Orr-Weaver, 2011; Schwartz et al., 2014;
Zhong et al., 2008). Genetic knockout of either Mettl3 or Mettl14 is developmentally lethal in
mice, with embryos failing to thrive at around E5.5 (Batista et al., 2014; Geula et al., 2015). mSA
is present in the mRNA of all human and mouse tissues studied so far (Liu et al., 2020b; Xiao et
al., 2019). Analysis of tissue-specific knockout mouse models of Mett/3 and Mettl14 have revealed
essential roles for m°A in brain development and function, cardiac homeostasis, immune system
development and function, spermatogenesis, and skeletal function (Dorn et al., 2019; Li et al.,
2017a; Lin et al., 2017; Rubio et al., 2018; Wang et al., 2018a, 2019, 2018b; Winkler et al., 2019;

Wu et al., 2018b; Xu et al., 2020; Yoon et al., 2017). Moreover, knockout of either Mett/3 or
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Mettl14 severely blocks or delays differentiation in numerous stem cell or progenitor cell systems,
including embryonic stem cells, embryonic neuronal stem cells (Wang et al., 2018b; Yoon et al.,
2017), hematopoietic stem cells (Cheng et al., 2019; Lee et al., 2019; Vu et al., 2017; Weng et al.,
2018; Zhang et al., 2017), naive T cells (Li et al., 2017a), and bone marrow mesenchymal stem
cells (Wu et al., 2018b).

Studies that implicate m®A in the pathogenesis of a variety of diseases have emerged at a
rapid pace in recent years. The role of mA in disease has been most extensively studied in the
context of cancer, and important roles for METTL3/METTL14 in a variety of cancer types have
been reported. Analysis of somatic mutations in cancer genomes from TCGA exome sequencing
data revealed METTL3 and METTLI14 as potential tumor suppressor genes in bladder and
endometrial cancer, respectively (Zhao et al., 2019). Loss of METTL14 increases the proliferation
and tumorigenicity of endometrial cancer cells by altering the mRNA stability and translation of
AKT pathway regulators, resulting in increased AKT signaling (Liu et al., 2018). m°A has also
been reported to play tumor suppressor roles in renal cell carcinoma (Li et al., 2017b). Conversely,
METTL3 and METTL14 have also been reported to act as oncogenes in other cancer types.
METTL3 and METTL14 promote Acute Myeloid Leukemia (AML) oncogenesis by increasing
the mRNA stability and translation of m®A methylated oncogenes such as MYC (Barbieri et al.,
2017; Vu et al., 2017; Weng et al., 2018). METTL3/METTL14 have also been found to play
oncogenic roles in glioblastoma (Cui et al.,, 2017). In other cases, such as in hepatocellular
carcinoma (HCC), the role of METTL3 and METTLI14 is unclear due to contrasting findings
regarding whether the m°A methyltransferase complex promotes or inhibits cancer pathogenesis
(Chen et al., 2018a; Ma et al., 2017). Due to the oncogenic roles of m®A in certain cancer types,

METTL3/METTL14 have been suggested to be promising drug targets. A small molecule catalytic
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inhibitor of METTL3 has recently been reported to demonstrate efficacy in preclinical models of
AML(Yankova et al., 2021). Several biotechnology companies have stated a primary focus on
developing small molecule inhibitors for METTL3/METTLI14 for testing in oncological
indications, with Phase 1 trials planned for 2021-2022 (Cully, 2019). Overall, m®A has emerged

as a key regulator of numerous important biological processes in normal physiology and in disease.

Regulation of m°A deposition on mRNA

A notable characteristic of the METTL3/METTL14 methyltransferase is the exquisite
specificity with which it deposits m°A on the transcriptome. The consensus motif for
METTL3/METTL14 is a commonly occurring, degenerate DRACH consensus sequence.
However, only a small fraction (~5%) of DRACH motifs in the transcriptome are selected for
methylation (Table 1). Further, there is a marked regional bias in the distribution of m°A across
the transcriptome. m°A is found on mRNAs of a subset of genes (estimated at 25-60%) and is
strongly enriched within certain transcript regions, such as in long internal exons, stop codons and
the beginning of last exons(Figure 3A) (Dominissini et al., 2012; Ke et al., 2015; Meyer et al.,
2012). Internal exons that are >200 nt comprise only ~15% of all internal exons, but internal exons
>200 nt contain ~80% of all m®A sites present within internal exons (Ke et al., 2017). Additionally,
transcript isoforms that use proximal APA sites are preferentially methylated compared to longer
isoforms that use distal APA sites (Molinie et al., 2016).

This specificity is central to m®A-mediated gene regulation, as it marks specific cellular
transcripts for regulation by m°A reader proteins. m°A readers bind these m°®A-marked transcripts
and exert downstream effects on gene expression, which is important for gene regulation in

numerous physiological and pathophysiological processes. For example, in mouse embryonic stem
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cells (mESCs), 80% of genes that regulate naive pluripotency exhibit m®A methylation on their
transcripts. This is thought to facilitate clearance of these transcripts during the termination of
pluripotency to enable mESC differentiation (Geula et al., 2015). Further, the specific position at
which an mRNA is m®A methylated may also be relevant for gene expression, since the nature of
mPA-mediated regulation appears to differ depending on the location of méA within the transcript
(Barbieri et al., 2017; Choi et al., 2016; Mao et al., 2019; Meyer et al., 2015; Slobodin et al., 2017;
Wang et al., 2014a, 2015; Zhou et al., 2018).

Given the relevance of specific m®A deposition for gene expression regulation, several
recent studies have focused on elucidating the mechanisms that control méA deposition. The
transcription factors CEBPZ and SMAD2/3 promote methylation of specific transcripts by
recruiting the methyltransferase complex to their targeted genomic loci(Barbieri et al., 2017;
Bertero et al., 2018a). TARBP2, an RNA binding protein, can recruit the methyltransferase
complex to its bound transcripts (Fish et al., 2019). Slow transcription rates have been proposed
to promote m®A deposition by enhancing co-transcriptional recruitment of the methyltransferase
complex to its RNA substrate (Slobodin et al., 2017a). The histone H3K36me3 modification has
also been proposed to recruit the methyltransferase complex to chromatin in order to promote
methylation of nascent RNAs (Huang et al., 2019). Collectively, these studies have shed light on
how diverse biological inputs can modulate m®A deposition and lead to differential downstream
effects on gene expression and cellular phenotypes (Figure 3B).

While progress has been made in elucidating new mechanisms regulating m°A deposition,
fundamental questions regarding m°A deposition remain unanswered. The global enrichment of
mPA at specific transcriptomic features such as long internal exons and near stop codons, as well

as selective deposition of m®A on a large portion of methylated transcripts, are not explained by
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Table 1. Statistics for m°A in mRNA

Quantity Value References Notes

Ratio of m°A to | .15% - .6% (Duetal., 2018; Lin | m°A to A ratios in polyadenylated RNA
Ain (LC-MS/MS) etal., 2017; Liu et al., | are heavily influenced by the highly
polyadenylated 2014, 2018, 2020b; expressed genes in the transcriptome. In
RNA. Wang et al., 2014b; humans, a small fraction of all expressed

Wei et al., 2018)

genes (10 to 1000 genes, depending on
the tissue type), make up the majority of
the mRNA pool (Ramskéld et al., 2009).

Percentage of
transcripts in
the
transcriptome
that contain
méA

~25% - ~60%.
(mSA-seq)

(Dominissini et al.,
2012, unpublished)

Dominissini et al. identified m®A in
transcripts of ~7000 genes. The 25%
figure is derived from dividing 7000
from the estimated number of total
human genes, ~20,000-25,000. However,
this is likely an underestimate. First, all
genes are not expressed in any given cell
type. Second, m°A in relatively lowly-
expressed genes escapes detection due to
low sequence coverage (increasing
sequencing depth increases the number
of m®A peaks identified). By restricting
the analysis to a set of transcripts above
an expression cutoff set to the lower
quartile of expression for detected
methylated transcripts, the percentage of
transcripts containing at least one méA
peak is higher, ~ 60% (unpublished). It is
important to note here that this
percentage reflects the number of genes
whose transcripts exhibit m°A, not the
stoichiometry of m°A in the transcripts
of any given gene.

Average
number of méA
per transcript

~3 m°A
residues per
average mRNA
transcript (LC-
MS/MS), ~ 1.7
mC®A-seq peaks
per transcript
(mSA-seq)

(Dominissini et al.,
2012; Perry et al.,
1975)

It is important to consider that these are
averages. Many transcripts are
unmethylated and many have
significantly more m°A peaks than the
average.
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Percentage of
DRACH motifs
that are
methylated

~5%

(Dominissini et al.,
2012)

Dominissini et al. estimate that a
prevalence of ~ 1 m®A peak every 2000
bp. The number of DRACH motifs found
in 2000 bp of sequence is theoretically
(3/4)(2/4)(1/4)(1/4)(2/4) * 2000 = 23.4.
Thus, the percentage is estimated at
1/23.4 ~ 5%. The actual percentage may
be several-fold higher or lower, given
that m®A peaks may contain several mSA
sites and the true frequency of DRACH
motifs likely diverges from the
theoretical estimate.
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known pathways. Additionally, while certain mechanisms that involve regulation of
METTL3/METTLI14 activity by trans-acting factors have been characterized, the relative
importance of these mechanisms to shaping the global m®A landscape in comparison to other
factors, such as intrinsic preference of METTL3/METTL14 for certain RNA sequences or
structures, is unclear.

The degree to which intrinsic vs. extrinsic factors determine m°A levels has been the
subject of debate: to what extent are m°A levels determined by the intrinsic preference of the
METTL3/METTL14 methyltransferase for certain nucleotide sequences vs. the contribution of
extrinsic regulation of methyltransferase complex activity by external factors such as RBPs, TFs,
RNA polymerase, or other yet to be discovered factors? This question is important due to its
potential implications for m®A as a regulatory system. If intrinsic determinants are dominant, this
would suggest that m°A deposition is not highly regulated and would generally operate
independently of other cellular processes. It would suggest that global changes in m®A methylation
could occur if enzyme levels or other reaction variables change, but relative changes of m°A levels
at different sites would be limited. Conversely, if extrinsic determinants dominate, this would
indicate a more dynamic role for m°A, in which m°A levels may react to changes in the activity of
external factors in different cellular states. It would moreover imply that m®A deposition is
interwoven with other cellular processes, allowing for subsets of sites to gain or lose methylation
in response to specific cellular events. The involvement of extrinsic determinants is supported by
the existence of many studies that report differential methylation of significant numbers of m°A
peaks in different cellular contexts (Aguilo et al., 2015; Engel et al., 2018; Hesser et al., 2018;
Lichinchi et al., 2016b, 2016a; Liu et al., 2020b; Tan et al., 2018; Xiao et al., 2019; Yu et al., 2018;

Zhou et al., 2015). Additionally, several mechanisms through which trans-acting factors modulate
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Figure 3. Selective m®A methylation of the transcriptome.

A, Schematic representing the distribution of m®A in the mammalian transcriptome. A
subset of transcripts are methylated, while another subset are not. On methylated
transcripts, m°A is enriched in unusually long internal exons and near stop codons/start of
last exons. B, Schematic depicting control mechanisms governing m®A installation. m®A
deposition is regulated by intrinsic factors, such as the preference of the
METTL3/METTL14 methyltransferase for specific RNA sequences. méA deposition is
also regulated by extrinsic factors; transcription factors, RNA-binding proteins, RNA
polymerase II, and the H3K36me3 histone modification have been reported to recruit the
METTL3/METTL14 methyltransferase to mRNAs to promote methylation. m®A
demethylases FTO and ALKBHS5 can also tune m®A levels at a subset of sites.
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methylation deposition have been characterized, as described above. However, some have
questioned the validity of some of these conclusions, reporting limited reproducibility of
differential methylation upon independent re-analysis (McIntyre et al., 2020). Further, other
reports have concluded that intrinsic determinants are predominant and that m®A levels are
globally “hard-coded” in cis by the local sequence surrounding the m°A site (Garcia-Campos et
al., 2019; Schwartz et al., 2014). Part of this apparent discrepancy in the predominance of intrinsic
or extrinsic determinants may be due to differences in mA regulation in different organisms. Most
studies characterizing the importance of extrinsic factors have been carried out in mammalian cells
(Barbieri et al., 2017; Bertero et al., 2018a; Fish et al., 2019; Slobodin et al., 2017a). One study
reporting that intrinsic determinants largely control m°A levels primarily examined the ability of
local sequence features to predict m®A methylation levels in the budding yeast S. cerevisiae
(Garcia-Campos et al., 2019). The authors found that in mammalian systems, the ability to predict
mP®A methylation levels from local sequence features was diminished compared to methylation
levels in S. cerevisiae. Part of this discrepancy may also arise from an assumption that local
sequence variation only alters intrinsic determinants and not regulation by extrinsic factors, which
may not necessarily hold true. However, as this question has not yet been systematically explored,
the nature of global m®A deposition remains largely enigmatic.

Despite recognition of the strong enrichment of m®A within long exons and near stop
codons since the first transcriptome-wide m®A mapping studies, the mechanisms regulating m°A
methylation reported to date do not explain how mCA is selectively deposited in this specific
distribution. The m®A methyltransferase accessory factor VIRMA appears to promote methylation
of many sites in mRNA 3’ untranslated regions (UTRs) and near stop codons, but the mechanistic

basis for this effect is unclear (Yue et al., 2018). H3K36me3 directly recruits METTL14 to gene
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bodies to promote m®A deposition, but does not appear to confer enrichment of m®A near stop
codons, as this enrichment is still observed when H3K36me3 levels are reduced (Huang et al.,
2019). Most reported mechanisms of m®A deposition regulation involve models in which a trans-
acting factor recruits the METTL3/METTL 14 methyltransferase to RNAs to promote methylation
at proximal sites. Whether mechanisms with different modes of action contribute to m°A
specificity has remained largely unexplored. The inability of currently known mechanisms to
explain how mCA is specifically enriched in certain transcriptome regions suggests that major

mechanisms regulating m®A deposition globally remain to be discovered.

Determinants of the m°A epitranscriptome

It has been nearly a decade since the m®A epitranscriptome was first comprehensively
mapped, revealing the distinctive distribution of m®A methylation across the transcriptome.
Mechanisms by which m®A methylation controls gene expression and physiological functions of
mPA methylation have since been characterized. In contrast, the determinants of m®A methylation
have remained poorly understood. Out of the many potential m®A sites in the transcriptome, why
are only a few selected for methylation? What is the relative importance of intrinsic vs extrinsic
factors in determining the m®A epitranscriptome? To what extent is m®A deposition interwoven

with other cellular processes? Work contained herein sheds light on these key questions.

20



MATERIALS AND METHODS

Cell lines

HeLa and HEK293T cell lines used in this study were grown in Dulbecco’s modified Eagle’s
medium (Gibco, 11995040) and supplemented with 10% fetal bovine serum (FBS) (Gibco), and
1% penicillin—streptomycin (Gibco). TREx FLAG-Magoh and TREx FLAG-eIF4A3 cell lines
were grown in Dulbecco’s modified Eagle’s medium (Gibco, 11965126) and supplemented with
10% fetal bovine serum (FBS) (Gibco), and 1% penicillin—streptomycin (Gibco). Cell lines were
maintained at 37°C with 5% CO2. Cells were passaged at ~90% confluency every 2-3 days. Cells
were tested for mycoplasma by PCR (Uphoff and Drexler, 2004). The identity of HeLa and
HEK293T cell lines were authenticated with STR profiling (ATCC). HeLa METTL3 '™ cells were
generated as described in (Yue et al., 2018). TREx FLAG-Magoh and TREx FLAG-elF4A3 cell

lines were gifts from Dr. Guramrit Singh and were generated as described in (Singh et al., 2012).

Antibodies
The primary antibodies were purchased from commercial sources, with information about the

antibodies and their use in this study listed in Table 8.

Oligonucleotides

All individual oligonucleotides in this study were synthesized by IDT, with sequences listed in

Table 8.
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Molecular cloning

pAc-GFP-Hyg-C1 A1335T was generated from pAc-GFP-Hyg-C1 (Clontech) by site-directed
mutagenesis using the QuikChange Site-directed mutagenesis kit (Agilent). This A to T
substitution at position 1335 disrupts a DRACH motif predicted to be an m®A methylation site
(Zhou et al., 2016). The pTBG plasmid was a gift from Dr. Ligang Wu (Du et al., 2016). pBG was
constructed by cloning the BG insert from pTBG into the pAc-GFP-HYG-C1 backbone. pBG
A1l, 12, pBG A il, and pBG A i2 and pBG Ass were constructed by cloning synthesized gBlocks
(IDT) into the pAc-GFP-Hyg-Cl backbone with PCR amplification to add complementary
sequences and assembly with NEBuilder HiFi DNA assembly master mix. CRY1 suppressed mSA
site sequence with varying amounts of flanking sequence was cloned into BG plasmids by
synthesis of oligonucleotide or Gblock (IDT), PCR amplification to add complementary sequences
and assembly with Accl and BamHI-HF (NEB) digested plasmids with NEBuilder HiFi DNA
assembly master mix. pcDNA3.1+ SMN1 Myc His was a gift from Dr. Gideon Dreyfuss.
pcDNA3.1+ EV was generated by PCR amplification add complementary sequences and assembly
with NEBuilder HiFi DNA assembly master mix. Cloning products were transformed into NEB
Turbo Competent E. coli, High Efficiency (NEB). All cloning primers can be found in Table 8.

Description of plasmids can be found in Table 8.

siRNA knockdown

Dharmacon ON-TARGET Plus siRNAs were used for siRNA knockdown, with sequences listed
in found in Table 8. Cells were seeded into TC-treated culture dishes (Corning) 1620 h before
transfection to yield ~30% confluency on the day of transfection. siRNA was transfected at 40

nM concentration with Lipofectamine RNAIMAX (Invitrogen) per the manufacturer’s protocol.
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Cells were incubated with siRNA for 5 hours and then media was replaced with fresh media. Cells

were collected 48 hours post-transfection. siRNA sequences can be found in Table 8.

Plasmid transfection

Cells were seeded into tissue culture-treated dishes (Corning) 16—20 h before transfection to yield
~80% confluency on the day of transfection. Plasmids were transfected using Lipofectamine 2000.
For every pg of plasmid transfected, three pl of Lipofectamine 2000 were used. For MPmCA library
transfections, 10 pg of library was transfected into 80% confluent 10 cm plates of HeLa cells, and
cells were collected 24 hours later. For pBG transfections, 5 pg of library was transfected into 80%
confluent 10 cm plates of HeLa cells. Cells were incubated with plasmid/lipofectamine mixture
for 4 hours and then media was replaced with fresh media. Cells were collected 24 hours post-

transfection.

RNA isolation

For MPm®A, m°A-seq, mSA-IP-RT-qPCR and SELECT, total RNA was isolated by adding TR1zol
reagent directly to cell culture plates (Invitrogen), followed by chloroform extraction (5:1
Trizol:Chloroform), precipitation of RNA from the aqueous phase with isopropanol (2:1 original
volume of Trizol:Isopropanol), washing of the RNA pellet with 80% ethanol, and then
resuspension in RNase-free water. RNA concentration was measured by ultraviolet absorbance at
260 nm using a Nanodrop instrument. Polyadenylated RNA was purified from total RNA using
the Dynabeads mRNA purification kit (Invitrogen), with the following modifications. Lysis
Binding Buffer from the Dynabeads Direct mRNA purification kit (Invitrogen) was used instead

of Binding Buffer, and the initial incubation of mRNA at 65°C was omitted. mRNA was eluted in
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nuclease-free water and concentration was measured by ultraviolet absorbance at 260 nm using a
Nanodrop instrument. RNA samples used for RT-qPCR were isolated by using a Direct-zol RNA

miniprep kit (Zymo Research) with the optional on-column DNase-I digestion step.

mfA-meRIP-seq

Polyadenylated RNA was isolated as described above. RNA was adjusted to 10 ng/pl in 100 pl
H>O, 2 pl of 100 pM GLuc m®A methylated RNA (NEB) transcribed in the presence of 20%
mC®ATP and 80% ATP and 2 pl of 100 pM CLuc (NEB) unmethylated RNA was spiked in, and
RNA was sheared using a Bioruptor Ultrasonicator (Diagenode), with 30 cycles of 30 seconds
on/off at 4°C to generate ~150nt fragments. 5% of RNA was saved as input and the remainder
underwent mSA-immunoprecipitation (m®A-IP) using the EpiMark N6-Methyladenosine
Enrichment Kit (NEB). SUPERase-in RNase inhibitor was added to all buffers for a concentration
of 20 U/mL. Eluted RNA was purified using RNA Clean and Concentrator (Zymo Research).
Library preparation of input and IP samples was performed with the Illumina Truseq Stranded
mRNA Library Prep kit. Sequencing was carried out on an Illumina HiSeq4000 machine with SE
50 bp reads. HISAT2 (version 2.1.0) (Kim et al., 2015) was used to align the sequence reads to
reference genome (hg38) with options -k 1 and --known-splicesite-infile generated by the
hisat2 extract _splice_sites.py script with the UCSC hg38 GTF. samtools (version 1.7) was used
to generate, sort and index bam files. The callPeakBinomial function and reportJointPeak from the
MeRIPtools R package (version 0.1.0) was used to call m®A peaks with options min_counts = 15,
peak cutoff fdr = 0.05, peak cutoff oddRatio = 1.5, and joint threshold = 2. RADAR
R/Bioconductor package (version 0.2.1) (Zhang et al., 2019) was used to perform differential

methylation analysis with options fragmentLength = 150, binSize =50, minCountsCutOff = 10,
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FDR cutoff=.1, log2FC cutoff = 1. Significantly differentially methylated regions were annotated
to the RefSeq database (hg38). ClusterProfiler (version 3.6) was used to carry out GO term
enrichment analysis (Yu et al., 2012). Metagene profiles were constructed with MetaPlotR. The
center position of peaks was used for plotting. If the center of the peak fell in an intron, the end
position of the peak was used for plotting. UTRs were scaled to reflect the average size of UTRs
in the transcriptome. Bedgraph files for the forward and reverse strand were created using
deeptools (version 3.1.3) bamCoverage with options --binSize 10, --normalizeUsing CPM, --
exactScaling, --filterRNAstrand forward/reverse. Bedgraph files were visualized using the UCSC
genome browser (Kent et al., 2002). To visualize enrichment of input and m®A IP read density
surrounding splice sites, deeptools ComputeMatrix and Plotprofiles were used with splice sites

obtained from the hisat2 extract splice sites.py script and hg38 GTF.

MPmCA oligonucleotide library design

59,730 148-nt oligonucleotides were synthesized as a SurePrint Oligonucleotide Library (Agilent).
These sequences consist of a 17 nucleotide (nt) 5’ wuniversal priming sequence
(ACTGGCCGCTTCACTGC), 102 nt of genomic sequence, a 12 nt barcode sequence, a 17 nt 3’
universal priming sequence (AGATCGGAAGAGCGTCG). The universal priming sequences
were constant for all oligonucleotides and were used to clone the sequences into pAc-GFP-Hyg-
Cl A1335T to create a plasmid library, and for Illumina NGS library construction. For
“experimental” sequences, the 102 nt genomic sequence consists of an endogenously m®A
methylated site or endogenously unmethylated DRACH site, along with 50/51 nucleotides of the
flanking genomic sequence for all experimental sequences. If possible, a sequence that does not

introduce a stop codon when cloned in-frame was chosen. A minimum read count filter was
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imposed at the position of the DRACH sequence to filter out DRACH sites that are potentially
false-negative mSA sites due to low read coverage. Sequences that did not fall completely within
exons were filtered out. Each experimental sequence had a corresponding mutant sequence that
served as a negative control to control for potential non-specific enrichment. All “mutant”
sequences were identical to experimental sequences but with all RACs mutated to RTT. The 12 nt
barcodes were generated using the DNABarcodes R package(Buschmann and Bystrykh, 2013).
All barcodes that created RAC sequences or microRNA seed sequences(Agarwal et al., 2015)

when assembled into the full oligonucleotide sequence or matched were filtered out.

6897 endogenously methylated sequences were chosen for use in the MPmSA assay. The m°A sites
were sampled from m®A sites taken from a published m®A antibody-crosslinking based HeLa
single-base resolution m®A dataset (m8A-CLIP)(Ke et al., 2017). To reduce potential false positive
mPA sites, we required that the m®A site be present in the cytoplasmic, nuclear and chromatin-

associated m®A-CLIP datasets from Ke et al., 2017 and fall within HeLa m®A-seq peaks.

3058 endogenously unmethylated sequences were chosen for use in the assay. To generate the
endogenous sequences containing non-methylated DRACH sites, Ensembl HG38 transcriptome
cDNA and ncRNA sequences were input into a random forest classifier that predicts mA sites
based on sequence features (Zhou et al., 2016). The sequences were sampled from sites predicted
to be methylated but which exhibited no cellular methylation in HeLa cells. We implemented a
conservative filtering criteria for unmethylated sites, choosing sites that are at least 200 nt away
from all mSA-CLIP sites and at least 200 nt away from all HeLa mSA-seq peaks. We implemented

a minimum read coverage cutoff as an additional filter to eliminate potential false-negative mSA

26



sites deriving from low expression levels. Additionally, we only chose sites that exhibited
depletion of IP reads compared to input at that site (logoFold change <-1) to eliminate any potential
lowly-methylated m°A sites that fall just under the threshold for significance by m°A-seq or m°A-
CLIP. Each experimental and mutant sequence were associated with three distinct barcodes to

generate three internal replicates per biological replicate.

MPmCA plasmid library construction

The oligonucleotide pool was amplified by emulsion PCR (Micellula DNA Emulsion &
Purification (ePCR) Kit, ChimerX) with Herculase II Fusion DNA polymerase (Agilent) and
primers that anneal to the 5’ and 3 priming regions and add sequences needed for Gibson assembly
cloning. Amplified DNA was purified using DNA Clean and Concentrator-5 (Zymo Research).
pAcGFP1-Hyg-C1 A1335T was digested with restriction enzymes overnight at 37°C (Bcll-
HF(NEB) for 3’'UTR MPmCA, BstEII-HF(NEB) for CDS MPm®A, Agel-HF (NEB) for 5’UTR
MPm®A), and then gel purified with Qiaquick Gel Extraction kit (Qiagen) to remove
contaminating uncut plasmid. ePCR-amplified sequences were cloned by Gibson Assembly with
NEBuilder HiFi DNA assembly master mix (NEB) to generate a library of reporter constructs. The
assembly reaction was incubated for 1 hour at 50°C, then purified with DNA Clean and
Concentrator-5. Restriction sites used for cloning were destroyed by successful assembly. To
eliminate any residual uncut plasmid, DNA was isolated and treated with the original restriction
enzyme used for cloning and Exonuclease V (RecBCD) (NEB). The DNA was purified using DNA
Clean and Concentrator-5 and then 1 pl of eluted DNA was transformed via electroporation into

10 NEB10-beta tubes, using the high efficiency transformation protocol. Transformed cells were

27



spread on 10 15 cm LB agar petri dishes and grown at 37°C overnight. Dilutions were also plated
to estimate library coverage. The following day, colonies were scraped into LB and then plasmid
DNA was purified with two Zymopure Maxiprep (Zymo Research) columns. Library quality was
checked by Sanger sequencing of the plasmid library as well as individual clones that were not

pooled into the library.

Cellular MPmCA experimental procedure

10 pg of the MPmPA plasmid library was transfected into a 80% confluent 10 cm plate of HeLa
cells for cellular transcription and m®A methylation. 24 hours post-transfection, polyadenylated
RNA was isolated as described above. Polyadenylated RNA was incubated with 2U of Turbo
DNAse in a 50 pl reaction for 37°C for 1 hour to eliminate plasmid DNA. RNA was adjusted to
10 ng/ul in 100 pl H20, 2 pul of 100 pM GLuc m°®A methylated RNA transcribed in the presence
of 20% mSATP and 80% ATP and 2 pl of 100 pM CLuc unmethylated RNA was spiked in. 5%
of RNA was saved as input and the remainder underwent m®A-immunoprecipitation (m°A-IP)
using the EpiMark N6-Methyladenosine Enrichment Kit (NEB). c¢cDNA was generated using
Superscript IV (Thermo) and a site-specific RT primer (Universal Primer 2) that hybridizes to the
3’ universal priming sequence. Next generation sequencing libraries were prepared from cDNA
by PCR with NEBNext Ultra II Q5 master mix (NEB) using the recommended NGS library PCR
cycling conditions. PCR primers that anneal to the 5’ and 3’ universal priming sequences and add
[llumina adaptor sequences were used for library PCR. PCR amplification cycles were determined
by gPCR by calculating the number of cycles required for /2 max fluorescence. To control for PCR

bias across samples, all input libraries were amplified the same number of cycles, and all IP were
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amplified the same number of cycles. Library quality was checked by Agilent Bioanalyzer.

Libraries were sequenced on an [llumina HiSeq4000 with SE 50 bp reads.

In vitro MPm°®A experimental procedure

A T7 promoter sequence was added upstream of the TSS through emulsion PCR of the MPm°®A
library with primers that anneal to the TSS and cleavage/polyadenylation site. The MPmSA library
was in vitro transcribed (IVT) using NEB HiScribe T7 High Yield RNA Synthesis Kit. RNA was
incubated with 2U of Turbo DNAse in a 50 pl reaction for 37°C for 1 hour to eliminate plasmid
DNA. The purified IVT library was incubated with recombinant METTL3/METTL14. The in vitro
methyltransferase reaction was carried out in a 25pul reaction containing the following
components: 1.5 pg IVT RNA, 300 nM recombinant METTL3/METTL14 complex (Active
Motif), 1.6 mM SAM, 80 mM KCl, 1.5 mM MgCl2, 0.2 U pl-1 SUPERase-IN RNase inhibitor
(Invitrogen), 10 mM DTT, 4% glycerol and 20 mM Tris-HCI (pH 8.0). Mock treatments omitted
recombinant METTL3/METTL14. For mock-treated RNA, all reaction components except for the
recombinant METTL3/METTL14 complex were added. The reaction was incubated for 22 h at
16 °C; RNA was purified with a Monarch RNA cleanup kit (NEB). A portion of RNA was digested
with nuclease P1 and alkaline phosphatase for LC-MS/MS detection to check m®A methylation
levels. The remaining RNA was immunoprecipitated with an anti-m®A antibody and further

processed as described in the cellular MPmSA method.

MPmCA computational procedure
Reads were mapped back to a reference genome containing the designed oligonucleotide

sequences with HISAT2 (version 2.1.0), with option -k 1. Counts for each sequence were
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calculated with samtools (version 1.7) idxstats and sequences with at least 10 counts for all
barcoded experimental and mutant sequences were retained. IP/input ratios are calculated for each
sequence, representing the m°A enrichment level that is present on each sequence. To calculate an
mPA enrichment score for each experimental sequence, we took the average of the IP/input ratios
of the three experimental sequence internal replicates and three mutant sequence internal replicates
over three or four biological replicates. We then took the difference of the experimental and mutant
negative control sequence to calculate the enrichment score. Statistical significance of enrichment
was determined with the Wilcoxon Rank Sum test with the Benjamin-Hochberg procedure to

control FDR.

Exon length analysis

For exon length analysis, first, internal and last exons were obtained from the
TxDb.Hsapiens.UCSC.hg38.knownGene R/Bioconductor package (version 3.4.0). For exon
length analysis, only m°A peaks that unambiguously reside within first, internal or last exons were
included for analysis. If an m°A peak overlapped multiple exons from different transcript isoforms,
the mean length of the exons was used. We determined the exon length for each m®A peak using
Bedtools (version v2.25.0) intersectBed and mergeBed. For the RBP internal exon length analysis,
a minimum read coverage filter using K562 RNA-seq dataset (Yan et al., 2018) was imposed to
filter out intronic binding sites that overlap internal exons from transcript variants not expressed

in K562. Statistical significance was determined with the Wilcoxon rank sum test.
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RT-qPCR

RT-qPCR was used to assess the relative abundance of mRNA. Total RNA or purified mRNA was
reverse transcribed with Primescript Reverse transcriptase (Takara) using poly(dT) primers and
random 6mers to obtain complementary DNA. FastStart Essential DNA Green Master Mix
(Roche) was used for qPCR reactions, with primers added to 5 uM. qPCR assays were performed
on a LightCycler® 96 Instrument (Roche). gPCR was run using the following conditions: 95°C,
10min; (95°C, 20s; 60°C, 20s; 72°C 20s)*40 cycles. Primers used for RT-qPCR can be found in

Table 8.

m°A-IP-RT-qPCR

For m®A-IP-RT-qPCR, the mSA-IP procedure used in the m®A-seq was followed until the library
preparation step, then input and IP RNA were used for RT-gPCR as described above. m°A
enrichment is calculated by taking the IP/input ratio and normalizing to an IP/input ratio for a
reference RNA. An m®A-methylated Gaussia luciferase mRNA spike in or endogenous transcripts
from the genes EIDI or CCDC77 was used for normalization to control for IP efficiency, as
indicated in the corresponding figures. If the measured transcript was expressed from a plasmid,
prior to m®A-IP, RNA was incubated with 2U of Turbo DNAse in a 50 pl reaction for 37°C for 1

hour and then purified with the RNA Clean and Concentrator-5 kit (Zymo Research).

SELECT
For each sample, 25ng of total RNA was mixed with 0.8 ul up-probe and down-probe
oligonucleotide (1 uM), 1 ul dTTP (100 uM), and 2 pl 10X CutSmart buffer (NEB) supplemented

with H>O to 17 pl total volume. The reaction was incubated at a temperature gradient: 90 °C for
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1 min, 80 °C for 1 min, 70 °C for 1 min, 60 °C for 1 min, 50 °C for 1 min, and then 40 °C for 6 min.
Subsequently, a 3 ul of enzyme mixture containing 0.5 pl Bst 2.0 DNA polymerase (0.02 U/ul)
(NEB MO0275S), 0.5 ul SplintR ligase (1 U/ul) (NEB M0375S), and 2 pl ATP (5§ mM) was added
for a final volume of 20 pl. The final reaction mixture was incubated at 40 °C for 20 min then
denatured at 80 °C for 20 min. qPCR is used to quantify the abundance of the ligated product. 10 pl
2X FastStart Essential DNA Green Master Mix (Roche) qPCR master mix, 0.8 pl universal
SELECT primer (10 uM), 2 pl reaction from previous step, and 7.2 ul H2O. qPCR quantification
of the mRNA levels for the target gene is used to normalize the amount of ligated product for gene

expression variation.

Western blot

Cells were lysed in either 2X Laemmli buffer (Biorad) or NP-40 lysis buffer (150 mM sodium
chloride, 1.0% NP-40, 50 mM Tris pH 7.5) with 1 x protease inhibitor cocktail (Sigma). Pierce™
BCA Protein Assay Kit (Thermo Fisher) was used to measure protein concentrations. SDS-PAGE
was carried out using NuPAGE 4 to 12%, Bis-Tris, 1.5 mm, Mini Protein Gels and buffers
(Invitrogen). Proteins were transferred to a .45 pum pore nitrocellulose membrane (Biorad) using a
semi-dry transfer apparatus and stained with Ponceau S (Sigma) to check transfer efficiency.
Membrane was blocked with PBST (0.1% (v/v) Tween 20 in 1x Phosphate-buffered Saline) with
5% blotting grade blocker (Biorad) for 1 hour at room temperature. Primary antibody with PBST
with 2% blocker or BSA and .02% sodium azide was added overnight at 4°C. at dilution listed in
Table 8. Membrane was washed three times for 5 min in PBST. Secondary antibody conjugated to

HRP added in PBST with 2% blocker for 1 hour at 4°C at dilution listed in Table & Washed
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3X5min in PBST. Membrane was washed three times for 5 min in PBST. Membrane was

visualized using SuperSignal™ West Dura Extended Duration Substrate (Thermo Scientific).

LC-MS/MS quantification of m°A in RNA

For each sample, 25 ng of RNA was digested with 1 unit of Nuclease P1 (Sigma) in P1 buffer (20
mM NH40OAc, pH 5.5) in a final reaction volume of 20 pL for 2 hours at 42°C. Subsequently, 1pL
of FastAP (Thermo Fisher) and 2.5uL of 10x FastAP buffer were added to each sample, and they
were incubated at 37°C for 4 hours. Samples were then diluted with 27uLL of water and filtered
through a 0.2pm PVDF filter (0.2um pore size, 0.4mm diameter, Millipore). SuL of each filtered
sample was separated by reverse phase ultra-performance liquid chromatography on a C18 column
on an Agilent Technologies 1290 Infinity II liquid chromatography system, followed by mass
spectrometry on a Sciex Triple Quad 6500 triple-quadrupole mass spectrometer in positive
electrospray ionization mode. Nucleosides were quantified using nucleoside-to-base transitions of
282.101>150.100 (m®A), 267.966>136.000 (A), and 284.004>152.100 (G). Quantification was
performed by comparing with the standard curve obtained from pure nucleoside standards running
with the same batch of samples. The concentration of m®A was normalized to the concentration of

A or G in each sample to enable comparisons in m®A levels between samples.

Isolation of EJC-protected RNA footprints

EJC-protected RNA footprints were isolated with a procedure adapted from previous reports
(Mabin et al., 2018; Singh et al., 2012). For isolation of EJC-protected RNA footprints via FLAG-
Magoh or FLAG-elF4A3 immunoprecipitation, TREx-HEK293 cells containing a stable copy of

FLAG-tagged Magoh or a FLAG-tagged elF4A3 were used. TREx-HEK293 cells were grown in
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four 15-cm plates. Expression of the FLAG-tagged protein was induced with a working
concentration of 200 ng/mL tetracycline for ~16 hr. 90 minutes prior to cell harvesting,
cycloheximide (CHX) was added to 100 pg/ml. The monolayer was rinsed and harvested in
phosphate-buffered saline (PBS) containing 100 pg/ml CHX. The cells were lysed in 4 ml
hypotonic lysis buffer (20 mM Tris-HCI pH7.5, 15 mM 11 NaCl, 10 mM EDTA, 0.5% NP-40,
0.1% Triton X-100, 1x Halt Protease Inhibitor (Thermo Fisher), .2 U/ul of SUPERase-In (Thermo
Fisher), 100 pg/ml CHX) for 1 hour on ice. The suspension was sonicated (Branson Digital
Sonifier-250) at 40% amplitude using a Microtip for a total of 16 seconds (in 2 second bursts with
10 second intervals). NaCl was adjusted to 150 mM and the lysate was cleared by centrifugation
at 10,000xg for 10 min at 4°C. The cleared lysate was diluted to 10 ml in the above lysis buffer
with final NaCl concentration of 150 mM. The diluted lysate was incubated for 3 hr at 4°C with
ImL of anti-FLAG magnetic beads (50% slurry, Sigma) pre-washed twice with 12 ml IsoWB
(Isotonic wash buffer; 20 mM TrisHCI pH7.5, 150 mM NacCl, 0.1% NP-40). The RNA-protein
(RNP) complexes captured on beads were sequentially washed four times (4 x 12ml) with ice-cold
IsoWB. After the fourth wash, bound RNP complexes were incubated with one bed volume of
IsoWB containing 1U/ul of RNase I (Ambion) for 10 min at 37°C shaking at 1200 rpm. RNP
complexes were again washed four times with 10 ml IsoWB supplemented with .02 U/uL
SUPERase-IN. RNPs were eluted with 40 pl of clear sample buffer (100 mM Tris-HCI1 pH6.8, 4%
SDS, 10 mM EDTA, 100 mM DTT) at 25°C for 5 min, and subsequently at 95°C for 2 min. For
isolation of EJC-protected RNA footprints via endogenous elF4A3 immunoprecipitation,
HEK293T cells were harvested and lysed as above, and the cleared lysate was added to 300 pl

Protein G Dynabeads pre-coupled to 40 pg of anti-elF4A3 (Bethyl A302-980A).
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Immunoprecipitation, RNase I digestion, and elution were carried out as above. After elution, RNA
footprints were isolated by Trizol/chloroform extraction and isopropanol precipitation with
GlycoBlue coprecipitant (Invitrogen) and then run on a 6% TBE-Urea gel to assess length

distribution. m®A levels were measured by LC-MS/MS as described above.

In vitro methylation of EJC-protected RNA footprints

For in vitro methylation of EJC-bound RNA eluted under native conditions, the procedure for
isolating EJC-protected RNA footprints from TREx-HEK293 cells expressing FLAG-tagged
elF4A3(described above) was followed until the denaturing elution step. RNP complexes were
eluted under native conditions by incubating beads with 100 pl of elution buffer consisting of
28 mM Tris-HCI (pH 8.0), 112 mM KCI, 2.1 mM MgCl,, and 1pg/uL FLAG peptide (Sigma) per
250 pl of anti-FLAG 50% magnetic beads slurry used, rotating at 4°C for 2.5 hours. The
supernatant containing the eluted RNPs was collected, and DTT, glycerol, SUPERase-IN RNase
inhibitor (Invitrogen), SAM (Cayman) and recombinant METTL3-METTL14 (Active Motif) were
added up to the following final reaction conditions: 300 nM recombinant METTL3/METTL14
complex, 1.6 mM SAM, 80 mM KCl, 1.5 mM MgCl,, 0.2 U pl—1 SUPERase-IN RNase inhibitor,
10 mM DTT, 4% glycerol and 20 mM Tris-HCI (pH 8.0). For methylation reactions containing
RNPs with unmethylated RNA spiked in, in vitro transcribed MPmSA library (produced as
described above) was added to the reaction to a final concentration of 7 ng/ul, approximately 10-
fold the yield of eluted EJC-protected RNA footprints. Reactions were incubated at 16°C for 12
hours, then collected in Trizol and purified by Trizol/chloroform extraction and isopropanol
precipitation with GlycoBlue coprecipitant. For in vitro methylation of Trizol purified,

deproteinized EJC-protected RNA footprints, EJC-protected RNA footprints were first purified
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using Trizol/chloroform extraction and isopropanol precipitation with GlycoBlue coprecipitant.
The isolated RNA was subjected to the same in vitro methylation conditions as the RNPs eluted
under native conditions described above, at 16°C for 12 hours. m°A levels were measured by LC-
MS/MS as described above, subtracting background signal from mock reactions containing all

components except for RNA.

Protein co-immunoprecipitation

For METTL3 co-immunoprecipitation, 1e7 HeLa cells were lysed in 500 ul of ice-cold lysis buffer
(50 mM Tris-HCI pH 7.4, 100 mM KCI, 5 mM MgCl2, .5% NP-40, 1x Halt Protease Inhibitor).
Cells were incubated on ice for 5 min. Lysate was then sonicated in a Bioruptor Pico, with five
cycles of 30 second bursts at 30 second intervals. Lysates were spun down, 20,000xg for 10 min
at 4°C, and a portion was saved as an input sample. 50 pul M280 sheep anti-rabbit beads (Thermo
Fisher) was incubated with 4 png of anti-METTL3 (Abcam, ab195352), or 4ug of rabbit IgG isotype
control(Cell Signaling Technology) rotating end over end for 1 hour at room temperature, and
washed 6 times in NT-2 wash buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, .05% NP-40).
Lysate was added to prepared beads and incubated rotating end over end at 4°C for 16 hours. Beads
were washed 5 times with ice-cold NT-2 wash buffer, and proteins were eluted by addition of 2X
Laemmli buffer and incubation at 95°C for 30 min. Input and IP samples were run on an SDS-
PAGE gel and visualized by Western blot, as described above. For elF4A3 co-
immunoprecipitation, HEK293T cells were lysed and eIlF4A3 was immunoprecipitated as
described for above for isolation of EJC-protected footprints, but with a 16-hour incubation of
lysate with beads and antibody, rotating end over end at 4°C. Beads were treated with RNase I as

above, or left untreated. Proteins were eluted from beads by addition of 2X Laemmli buffer and
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incubation at 95°C for 30 minutes. Input and IP samples were run on an SDS-PAGE gel and

visualized by Western blot, as described above.

Differential expression analysis

DESeq?2 (version 1.18.1) was used to detect differentially expressed genes using a significance
threshold of adjusted p-value <.05 (Love et al., 2014). To identify genes that have a significant
change in response to EJC KD in WT vs. METTL3™- cells, the design formula ~ genotype +
treatment + genotype:treatment was used. The P-value and magnitude of the genotype:treatment

interaction term for tested genes was reported.

Human tissue m®A analysis

m®A-MeRIP-seq data for human tissues was obtained from Liu et al. 2020 (31). As described in
(31), we used read 2 of each fastq file for alignment. Reads were trimmed with TrimGalore
(version 0.6.6) with options --length 30 --clip_R1 3 (Martin, 2011). HISAT2 (version 2.1.0) was
used to align the trimmed sequence reads to reference genome (hg38) with options -k 1 and --
known-splicesite-infile generated by the hisat2 extract splice_sites.py script with the UCSC hg38
GTF. samtools (version 1.7) was used to generate, sort and index bam files. BigWig files for the
forward and reverse strand were created using deeptools (version 3.1.3) bamCoverage with options
--binSize 10, --normalizeUsing CPM, --exactScaling, --filterRNAstrand forward/reverse. To
assess the methylation status of EJC-suppressed m®A regions in tissues, we took siEIF4A3-1 KD
significantly hypermethylated regions from HeLa cells that did not overlap a HeLa siC m°A peak.
We filtered out m®A peaks from human tissues that overlapped any portion of siC m®A peaks and

filtered out any siEIF4A3-1 KD hypermethylated regions that overlapped any HeLa m°®A peak
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regions from the Liu et al. 2020 dataset to control for batch effects or protocol-specific differences.
We then assessed the methylation status of EJC-suppressed m°A regions in tissues by assessing
the overlap of these filtered hypermethylated regions with filtered tissue m°A peaks. To identify
peaks that overlapped exon-intron boundaries we filtered for peaks that spanned splice sites and
exhibited m®A-IP read coverage > 1 CPM in the intron 20 nt away from splice sites. To obtain the
number of m®A-IP reads that mapped to the exon-intron junction, and obtain the méA enrichment
for peaks, we used the summarizeOverlaps function from the GenomicAlignments R package to
count reads. We normalized the read numbers to the total number of mapped reads in each sample
and set a minimum input expression filter. We identified intron retention events using IRFinder,
with default settings, using a cutoff of IR ratio >.1, as was previously described (Middleton et al.,
2017). We obtained polyA sites from PolyA.Site.2.0 (Herrmann et al., 2020) and gene models

from GENCODE v32 comprehensive transcript set.

m°A-QTL analysis

mC®A-QTLs and corresponding m°A peaks were obtained from (Zhang et al., 2020). Reads were
aligned as previously described, and BigWig files for the forward and reverse strand were created
using deeptools (version 3.1.3) bamCoverage with options --binSize 10, --normalizeUsing CPM,
--exactScaling, --filterRNAstrand forward/reverse. To assess the methylation status of EJC-
suppressed m®A regions in tissues, we took regions that were significantly hypermethylated upon
siEIF4A3-1 and siEIF4A3-2 KD in regions from HeLa and HEK293T cells that did not overlap
an siC m°A peak in HeLa and HEK293T cells, respectively. We filtered out m®A-QTL mCA peaks
that overlapped with any portion of siC m°A peaks for HeLa and HEK293T cells. We then assessed

whether the filtered m®A-QTL mSA peaks overlapped the filtered EJC-suppressed m®A regions.
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We obtained polyA sites from PolyA.Site.2.0 (Herrmann et al., 2020) and gene models from

GENCODE v32 comprehensive transcript set.

Enrichment tests

For all enrichment tests, Fisher’s exact test was used to assess significance of enrichment. To test
enrichment of RBPs at MPmP®A endogenously methylated vs MPmSA suppressed m°A sites, 120
K562 RBP eCLIP datasets were obtained from ENCODE (Van Nostrand et al., 2020). Peaks with
-logio (pValue) >= 3 and logx(signalValue) >= 3 in two replicates were used. Benjamin-Hochberg
procedure was used to control FDR. Only sites that were not differentially expressed more than 5-
fold in K562 (using DESeq2) were included in the analysis to filter possible cell-type specific
peaks due to differential gene expression. To test enrichment of FTO and ALKBHS5 at MPm°®A
endogenously methylated vs MPmCA suppressed m°A sites, FTO and ALKBHS binding sites were
obtained from (Baltz et al., 2012; Bartosovic et al., 2017). To test enrichment of elF4A3-
suppressed suppressed splice sites at MPmCA endogenously methylated CDS mSA sites vs MPm®A
suppressed CDS m°A sites, and enrichment of eI[F4A3-suppressed suppressed splice sites at
EIF443 KD hypermethylated regions vs mSA peak regions that are not hypermethylated, e[F4A3-
suppressed suppressed splice sites were obtained from (Boehm et al., 2018). 100 nt region
proximal to suppressed splice sites was used for enrichment analysis. MPm®A endogenously
methylated CDS mCA sites (that remain methylated in the MPm®A reporter) and MPmSA
suppressed CDS mPA sites were taken from cellular 3°UTR MPm°®A data. EIF4A43 KD and m°A
peak regions that are not hypermethylated were obtained from data from siC and siEIF4A3-1 KD
in HeLa cells described in Figure 3. m®A peak regions that are not hypermethylated were obtained

by taking m®A peaks that do not overlap EIF443 KD hypermethylated regions. To test enrichment
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of m®A-containing transcripts in transcripts with at least one internal exon > 400 nt vs transcripts
with all internal exons < 400 nt, constitutive internal exons greater than 400 nt in length were
obtained from the HEXEvent database(Busch and Hertel, 2013) with constitLevel > .9. Long
internal exons were associated with their respective genes to identify genes that contained at least
one internal exon > 400nt. m°A-methylated genes were defined based on HeLa m®A-seq data.
Gene expression levels were calculated using Kallisto (version 0.44.0) (Bray et al., 2016) and an
expression cutoff at the lowest quartile of expression for all m®A-methylated genes was used to
exclude lowly expressed genes that do not have sufficient read coverage to detect m®A peaks from

the analysis.

Data and code accessibility

Raw and processed data can be found at NCBI GEO accession GSE162199. Custom scripts

available upon request.
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RESULTS—EXON ARCHITECTURE CONTROLS mRNA m°A MODIFICATION AND

GENE EXPRESSION

Introduction

NS~methyladenosine (m®A), the most prevalent mRNA modification in mammals, impacts
numerous aspects of gene expression and plays essential roles in a wide array of physiological and
pathophysiological processes (Frye et al., 2018; Gilbert et al., 2016; Roundtree et al., 2017a). m°A
methylation is found at thousands of sites across the transcriptome and regulates many steps in
mRNA metabolism, including pre-mRNA processing, nuclear export, mRNA localization, nRNA
decay, and translation (He and He, 2021). The METTL3-METTL14 RNA methyltransferase
complex catalyzes mSA methylation on mRNA (Bokar et al., 1994; Liu et al., 2014, 2020a; Wang
et al., 2016a, 2016b). METTL3-METTL14 installs m®A in a common DRACH (D = A, G or T;
R= A or G; H= A, C or U) mRNA sequence motif, but only a fraction of DRACH sequences (~5%)
in a subset of cellular transcripts are methylated (He and He, 2021). In addition, m®A exhibits a
marked regional bias in its transcriptomic distribution, being strongly enriched in long internal
exons and near stop codons (Batista et al., 2014; Dominissini et al., 2012; Ke et al., 2015; Meyer
etal., 2015). This characteristic transcriptomic distribution of m®A is observed using a variety of
mC®A mapping technologies across many different tissues and cell types (Dominissini et al., 2012;
Ke et al., 2015; Linder et al., 2015; Liu et al., 2020b; Meyer et al., 2012; Xiao et al., 2019).

Selective deposition of méA on specific transcripts is central to m®A-mediated regulation
of gene expression. It allows for selective regulation of specific transcripts by m®A reader proteins,
which preferentially bind m®A-modified mRNAs and exert downstream effects on gene expression

(Shi et al., 2019). Additionally, the specific location at which an mRNA is m°A methylated may
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also be relevant for gene expression, since the nature of mSA-mediated regulation appears to vary
depending on the position of méA within the transcript (Barbieri et al., 2017; Choi et al., 2016;
Mao et al., 2019; Meyer et al., 2015; Slobodin et al., 2017; Wang et al., 2014a, 2015; Zhou et al.,
2018).

Despite the central importance of specific m°A deposition in m°A-mediated gene
regulation, the mechanistic basis for m°A specificity has remained poorly understood. The
METTL3/METTL14 methyltransferase complex accessory subunit VIRMA appears to promote
methylation near the stop codon and 3’UTR, but the mechanistic details are not entirely clear (Yue
et al., 2018). Notably, most studies that characterize pathways regulating preferential m°A
deposition have focused on mechanisms that selectively promote methylation at specific regions.
These activating mechanisms involve local recruitment of the methyltransferase by various trans-
acting factors, such as transcription factors (TFs), RNA-binding proteins (RBPs), RNA
Polymerase II and chromatin modifications, to promote targeted methylation of nearby RNA
sequences (Aguilo et al., 2015; Barbieri et al., 2017; Bertero et al., 2018b; Fish et al., 2019; Huang
et al., 2019; Slobodin et al., 2017b; Zhang et al., 2020). However, the global enrichment of m°A
at specific transcriptomic features such as long internal exons and near stop codons, as well as
selective deposition of m°A on a large portion of methylated transcripts, are not explained by
known pathways, suggesting that major regulatory mechanisms that control m®A deposition and
confer m°A epitranscriptome specificity are still unknown.

In this study, we develop a Massively Parallel Assay for mA (MPmSA) and apply it to
systematically uncover determinants of m®A on an epitranscriptome-wide scale. We discover,
contrary to our initial expectations, the existence of prevalent regulatory mechanisms that restrict

m®A methylation to specific transcript regions through targeted suppression of mfA in
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unmethylated regions. We find that pre-mRNA splicing selectively suppresses m°A deposition in
average-length exons, but not in longer exons. We identify Exon Junction Complexes (EJC),
deposited upstream of exon boundaries by spliceosomes, as m°A suppressors that mediate this
splicing and exon length-dependent suppression and control multiple key characteristics of global
mPA specificity. EJC depletion results in pervasive aberrant methylation of mRNAs, leading to
mC®A-mediated gene expression dysregulation. A subset of EJC-suppressed m®A sites can escape
silencing in specific contexts due to methylation of transcript isoforms with longer exons, which
contributes to methylation variation across tissues and inter-individual variation in m®A associated
with complex traits. Finally, we find that EJCs collaborate with the peripheral EJC factor RNPS1
to package and protect long stretches of proximal RNA from m°A deposition and that suppressed
methylation sites co-localize with EJC/RNPS1-suppressed splice sites in average-length exons
(Blazquez et al., 2018; Boehm et al., 2018). This suggests that exon architecture broadly
determines local RNA accessibility to mRNA regulatory machineries due to packaging of exon

junction-proximal RNA by EJCs.

Massively Parallel Assay for m°A

The extent to which global m°A specificity is controlled by the intrinsic preference of the
methyltransferase for specific RNA sequences (“intrinsic determinants”) versus the regulation of
methyltransferase activity by trans-acting factors (“extrinsic determinants”) has important
implications for m8A regulation but is poorly understood. One recent report proposed that intrinsic
determinants primarily control m®A methylation, and that mA levels are largely “hard coded” in
cis by the local sequence surrounding the m®A site and account for m°A specificity (Garcia-

Campos et al., 2019). We addressed this question by asking: is the local sequence surrounding an
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m®A methylated site, when uncoupled from its endogenous context, sufficient to specify
methylation at that site? And conversely, is the local sequence surrounding an unmethylated
DRACH site, when uncoupled from its endogenous context, sufficient to prevent methylation at
that site?

To assess this systematically on an epitranscriptome-wide scale, we developed an approach
that enables high-throughput assessment of the m°®A methylation status of thousands of designed
sequences, which we term Massively Parallel assay for m°A (MPm®A) (Figure 4A). In the MPmC®A
workflow, thousands of endogenously methylated m°A sites, or endogenously unmethylated
DRACH sites, and their local flanking sequences are synthesized and then cloned into a plasmid-
based transgene. The sequences are expressed and then m°®A methylated through transfection into
cells or through in vitro transcription and in vitro m8A methylation. The methylation status of each
individual sequence is assessed by its enrichment following m°A-immunoprecipitation (IP) of
mRNA, determined by massively parallel sequencing. If local sequence is sufficient to intrinsically
encode methylation levels, one would expect that methylated and unmethylated sequences should
each retain their endogenous methylation states when expressed within the “artificial” context of
the transgene. Conversely, if sequences deviate from their endogenous methylation states when
expressed in an artificial context, this would indicate the activity of extrinsic determinants.

We selected 6,897 HeLa m°A sites and 3,058 unmethylated DRACH sites to assay (see
Methods). For each site, we synthesized a 102-nucleotide sequence containing the
methylated/unmethylated site in the center, flanked by 50/51 nt of adjacent endogenous sequence
context. For each sequence, we designed a corresponding negative control sequence in which all

DRACH motifs are mutated to prevent methylation. All sequences were associated with three
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Figure 4. MPm°®A reveals widespread suppression of thousands of m°A sites in unmethylated
transcriptome regions.
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Figure 4, continued

A, Schematic of the MPmSA workflow. B, MPm®A enrichment scores (experimental IP/input —
negative control IP/input) for endogenously methylated and endogenously unmethylated
sequences, mean + SD, four biological replicates. C, Metagene plots of the endogenous locations
of endogenously methylated and unmethylated MPmC®A sequences that are significantly
methylated (P<.05) in MPm®A. D, Number of genes containing suppressed m°A sites identified in
MPm®A that exhibit one or more m®A peaks on other regions of the endogenous transcript, and
number that do not exhibit m®A on any part of the transcript. E, Exon lengths of endogenously
methylated and endogenously unmethylated sequences that are significantly methylated in
MPmSA, median and IQR, Wilcoxon rank sum test, ****P<2 2e-16. F, Distribution of internal

exon lengths in the human genome. Black lines indicate 10" percentile (60 nt) and 90" percentile
(246 nt), blue and red lines indicate median internal exon length for MPm®A endogenously
methylated (915 nt) and unmethylated sequences (167 nt), respectively.
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unique barcodes, for a total of 59,730 unique sequences. These sequences were synthesized, cloned
into the 3’UTR of a GFP transgene, and transfected into HeLa cells for expression and methylation.
52,866 sequences exceeded the minimum read cutoff and were used for further analysis. We
observed high correlations in m®A enrichment ratios between four biological replicates and
observed a strong correlation in m®A level measurements between MPmCA and conventional m®A-
IP qPCR (Figure 5A and 5B). As expected, negative control sequences were depleted overall

following m®A-IP (Figure 5C).

Widespread mRNA m®A suppression controls m®A epitranscriptome specificity

When we compared the methylation level of the endogenously methylated sequences to
their negative control sequences, we found that 92.8% of the sequences exhibited significant
methylation in the artificial context of this reporter assay (Figures 4B and 5D). This indicates that
most endogenously methylated sites do not strictly require their larger surrounding native context
for methylation. We note that the modification fraction may differ between the sequences in the
context of the reporter and in their endogenous context, so this does not exclude the possibility
that surrounding context affects modification stoichiometry.

Next, we examined the methylation levels of the endogenously unmethylated sequences.
Strikingly, 90.2% of these sequences also exhibited significant methylation (Figures 4B and 5D).
The enrichment scores of the endogenously unmethylated sequence group were similar to the
endogenously methylated group, despite their diverging endogenous methylation states (Figure
4B). We observed similar results when the sequences were in vitro transcribed and in vitro

methylated with recombinant METTL3-METTL14 (Figure 6). Thus, thousands of endogenously
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Figure 5. MPm°®A reveals widespread suppression of thousands of m®A sites in unmethylated
transcriptome regions, continued.

A, Scatterplots of 3>UTR MPmSA (sequences cloned into 3°UTR of reporter plasmid) IP/Input for
four biological replicates (bottom left). Histograms of IP/Input for individual replicates (middle).
Pearson correlation for biological replicates (top right). B, Scatterplot of MPm®A (3’UTR)
IP/Input and mSA-IP-qPCR normalized enrichment values for 12 MPmSA sequences. C, MPm°A
(3°’UTR) IP/Input for experimental and negative control mutant sequences, mean + SD, Wilcoxon
rank-sum test, ****P<2.2e-16. D, Number of endogenously methylated and endogenously
unmethylated sites that are significantly methylated (P <.05, Wilcoxon rank sum test with BH
procedure to control FDR) or not significantly methylated (P >.05) in MPmSA (3’UTR), four
biological replicates (left). MPmC®A (3°UTR) enrichment score and p-values for endogenously
methylated and endogenously unmethylated sequences. Significance threshold defined at P<.05,
Wilcoxon rank-sum test with BH procedure to control FDR (right). E, m®A methylation at SNTB2
1737, SNTB2 8571, and FAF'1 1323 sequences in endogenous mRNA or in RNA expressed from
the MPmPA reporter (cloned into 3°UTR), assessed by méA-IP-qPCR, mean + SEM, two-tailed T-
test, ¥P<0.05; **P<0.01, m°A enrichment is normalized to CCDC77 mRNA, three biological
replicates. Numbers following the gene names indicate the position of the m°A site or
unmethylated DRACH site relative to the transcription start site.

48



METTL3/METTL14-treated

Rep. 1 Rep. 2 Rep. 3 METTL3/METTL14-treated

0.41
01 Corr: Corr: é’,’
151 0.876 0.875 | 9
= )0 0.34 “g
=}
a 12 < 3
£ 10 Corr: |2 E é 61
o e i 0963 |% € 0.24 o}
4] 2 ) n o 1S
%" > i<
S 3+
}§5 P 0.17 G
6] . 3
P AT ° 0
024681012 024681012 0 5 10 0.0tSrreen S 5 b
IP/Input va Q§?~ <g§?~ \’5@ \'5@
v @ ') 'S
S oS ¥ g
T &
= 4\* N & A
O
L& &L
N
Y (& ¥
S
L =
Q‘o
D
METTL3/METTL14-treated METTL3/METTL14-treated
Endogenously methylated  Endogenously unmethylated
o 1.004 54
8 3
S 0754 24 | F
§ E 3 ; MPmPA methylation status
5 0.501 g I Significantly methylated
c ©
S S 24 N
xe] d Not significantly methylated
5 0.254 e ’ ’ ymeny
Q 2 14
9 [®)]
o o
0001 T 0
& 0 5 0 5 10 d0 5 0 5 10
@ @\\ Enrichment score
& &
> N
<& &
<

Figure 6. in vitro MPmCA reveals that local sequence context is not sufficient to specify
endogenous methylation status.

A, Scatterplots of recombinant METTL3/METTL 14-treated in vitro methylated MPmC®A (3’UTR)
IP/Input for three replicates (bottom left). Histograms of IP/Input for individual replicates
(middle). Pearson correlation between replicates (top right). B, LC-MS/MS measurement of m°A
levels of in vitro transcribed and recombinant METTL3/METTL14-treated in vitro methylated
MPm®A mRNA, mock-treated (all in vitro methylation reaction components, but omitting
recombinant METTL3/METTL14) in vitro transcribed MPm®A mRNA, and mock-treated cellular
polyadenylated RNA. C, Enrichment scores for endogenously methylated and endogenously
unmethylated sequences for recombinant METTL3/METTL14-treated in vitro MPm®A (3°UTR),
mean +£SD. D, Proportion of sequences that are significantly methylated (P <.05) or not
significantly methylated (P >.05) in recombinant METTL3/METTL14-treated in vitro MPm°®A
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Figure 6, continued

(3°UTR). Wilcoxon rank sum test with BH procedure to control FDR, three replicates (left).
Enrichment scores and p-values for endogenously methylated and unmethylated sequences in
recombinant METTL3/METTL14-treated in vitro MPm®A (3°’UTR). Significance threshold
defined at P<.05, Wilcoxon rank-sum test with BH procedure to control FDR, three replicates
(right).
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unmethylated DRACH sites become methylated when they are uncoupled from their endogenous
contexts and expressed in an artificial reporter context. We term these identified sites “suppressed
mPA sites”. We validated these results by using mSA-IP-qPCR to measure m®A enrichment at an
endogenously methylated site (SNTB2 1737) and two endogenously unmethylated sites (SNTB2
8571, FAF1 1323) in endogenous mRNA and in mRNA expressed from the MPmSA plasmid
(Figure 5E).

We also performed variations of MPmC®A in which we cloned the 59,730 sequences into
the 5’UTR and CDS of the transgene and expressed them in HeLa cells. Consistent with our
previous results, the proportion of significantly methylated sequences in the endogenously
methylated and endogenously unmethylated groups were similar (Figures 7A-D), confirming the
presence of thousands of suppressed m°A sites in the endogenously unmethylated mRNA. m°A
enrichment was significantly lower for many sequences when placed in the CDS or 5’UTR versus
in the 3°’UTR, reaffirming the existence of m°A regulatory mechanisms not encoded within local
sequence features (Figure 7E). This may indicate that 5’ regions of mRNAs are generally less
conducive than 3’ regions for m°®A methylation. Collectively, these results show that intrinsic local
sequence features surrounding DRACH sites are insufficient to encode m°A epitranscriptome
specificity, and reveal, for the first time, the existence of thousands of suppressed m°A sites that
are silenced by unknown mechanisms.

We next investigated the characteristics of these suppressed m°A sites. We visualized the
distribution of the original positions of the assayed MPm®A sequences within their endogenous
transcripts. Interestingly, suppressed m°A sites are enriched in the CDS and in the 3’UTR distal to
the stop codon and are depleted near the stop codon, forming an inverse distribution to the

endogenous m°A sites (Figure 4C). Thus, suppressed mCA sites are globally enriched in
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Figure 7. CDS MPm°®A and 5°UTR MPm°A reveal that local sequence context is not sufficient
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to specify endogenous methylation status.
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Figure 7, continued

A, Scatterplots of CDS MPmPA IP/Input (left) and 5’UTR MPmCA IP/Input (right) for four
biological replicates, (bottom left). Histograms of IP/Input for individual replicates (middle).
Pearson correlation for biological replicates (top right). B, CDS MPmSA enrichment scores (top)
and 5’UTR MPm®A enrichment scores (bottom) for endogenously methylated and endogenously
unmethylated sequences, mean £SD. C, Fractions of endogenously methylated and endogenously
unmethylated sequences that are significantly methylated (P <.05, Wilcoxon rank sum test with
BH procedure to control FDR) or not significantly methylated (P >.05) for CDS MPm°®A (top) and
5’UTR MPmSA (bottom), four biological replicates. D, CDS MPm®A (top) and 5’UTR MPm°A
(bottom) enrichment scores and p-values for endogenously methylated and endogenously
unmethylated sequences. Significance threshold defined at P<.05, Wilcoxon rank-sum test with
BH procedure to control FDR. E, Scatterplots of 5°UTR and 3’'UTR MPm®A enrichment scores
(left), CDS and 3’ UTR MPmCA enrichment scores (middle), 5>UTR and CDS MPmSA enrichment
scores (right), for endogenously methylated sequences. A y = x line is plotted for reference.
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transcriptome regions in which m®A is depleted. We found that 942 genes containing suppressed
mPA sites do not contain any endogenous m®A methylation on their transcripts (Figure 4D).
Further, suppressed m°A sites in internal exons reside within much shorter exons (median = 167
nt) than endogenous m°A sites (median = 915 nt) (Figure 4E). This suggests that enrichment of
mPA in long internal exons may derive from suppression of m°A sites in shorter internal exons,
which comprise the vast majority of internal exons (90% of internal exons are < 246 nt) (Figure
4F). These results collectively suggested that widespread suppression of these sites contributes
significantly to mA epitranscriptome specificity.

The extensive m°A suppression we observed was unexpected initially, given that nearly all
previously described pathways of mSA regulation are activating mechanisms (Barbieri et al., 2017;
Bertero et al., 2018b; Fish et al., 2019; Huang et al., 2019; Slobodin et al., 2017b). No known
mechanisms appear to account for this widespread targeted suppression of m®A deposition. These
unknown suppressive mechanisms appear to involve suppression of m°A deposition by the m°A
writer complex rather than active demethylation of these sites by m°®A erasers, since binding sites
for RBM15, a METTL3/METTL14 methyltransferase complex accessory subunit, are highly
enriched near the endogenous m°A sites compared to the suppressed m®A sites (OR = 33.7) (Figure
8A). 153 RBM15 binding sites overlap endogenous m°®A sites while only 2 overlap suppressed
mCA sites. In contrast, FTO and ALKBHS5 binding sites were not significantly enriched near
suppressed sites (FTO OR = 0.8, ALKBH5 OR = 1.3), and they exhibited little binding near
suppressed sites overall (Figure 8B) (Baltz et al., 2012; Bartosovic et al., 2017). Therefore, our
MPmPA assay suggests the existence of unknown m®A “suppressor” proteins that govern global

mPA specificity by suppressing m°A deposition.
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Figure 8. Spliceosome components are enriched near suppressed m°A sites.

A, RBPs with statistically significant enrichment or depletion (P<.05, Fisher’s exact test with BH
procedure to control FDR) of binding sites at endogenously methylated or endogenously
unmethylated MPm®A sequences that are significantly methylated in MPmSA. Dot and bar
represent odds ratio and 95% confidence interval. B, Enrichment of FTO and ALKBHS binding
sites at endogenously methylated or endogenously unmethylated MPm®A sequences that are
significantly methylated in MPm®A. Dot and bar represent odds ratio and 95% confidence interval.
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Pre-mRNA splicing strongly suppresses m°A methylation in proximity to splice sites

To identify factors that mediate the suppression of these m®A sites, we examined the
relative enrichment of binding sites for 120 RBPs at endogenously methylated vs. suppressed m°A
sites (Van Nostrand et al., 2020). We identified three RBPs that were significantly enriched at
endogenously methylated m®A sites, including RBM15 as previously mentioned, and seven RBPs
that were significantly enriched at suppressed m®A sites (Figure 8A). Interestingly, several
components of the spliceosome (BUDI3, SF3B4, EFTUD?2) were significantly enriched at
suppressed sites. This result is concordant with the fact that the CDS suppressed m®A sites
primarily reside within average-length internal exons, and therefore are in close proximity to both
upstream and downstream splice sites (Figure 4E). Thus, we hypothesized that the splicing of
average-length internal exons may suppress méA methylation within these exons. To test this, we
cloned a suppressed m°A site from an average-length internal exon in the CRY1 gene (Figure 9A)
into a rabbit beta-globin minigene reporter (BG), as well as a version with the introns removed
(BG Ail,12). First, we cloned the suppressed CRY! site and 50/51nt of flanking exonic sequence
into the internal exon, or in the last exon of these constructs. Notably, the spliced construct strongly
suppressed methylation of the m®A site when placed within the internal exon, but not within the
last exon (Figure 9B). Removal of either the upstream or downstream intron (BG CRY1 Ail 102,
BG CRY1 Ai2 102) both resulted in partial loss of suppression, indicating that splicing of both
introns is required for complete suppression (Figure 10A). Deletion of all splice sites abolished
suppression, indicating that the act of splicing, rather than specific intronic sequences, is required
for suppression (Figure 9C). Cloning in 912 nt of the CRY! exonic sequence surrounding the
suppressed site into the internal exon (BG CRY1 912), forming a long internal exon, resulted in a

total loss of suppression (Figure 10A). Based on these results, we hypothesized that the
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Figure 9. Pre-mRNA splicing suppresses m°A methylation in an exon length-dependent
manner.
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Figure 9, continued

A, Input and m®A-IP read coverage at the CRY1 gene in HeLa cells, gray dot marks location of the
suppressed m°A site cloned into BG CRY1 constructs. B, m®A methylation of specified BG CRY!
constructs, with the CRY1 suppressed m°A site cloned into the CDS or 3’UTR of BG construct
containing introns or with introns removed. Schematic of constructs (left), gray dot represents
position of the CRYI suppressed m°A site. Blue region indicates sequence derived from CRY1,
gray region indicates sequence derived from rabbit beta-globin. Number following CRY1 refers to
nucleotides of exonic sequence surrounding the CRY! suppressed m°A site in the endogenous
CRYI mRNA that is cloned into BG constructs. m®A enrichment at the CRY1 suppressed m°A site
within mRNA expressed from the constructs (right). C, m°A methylation of specified BG CRY!
constructs, with 102 nt of exonic sequence surrounding the CRY1 suppressed m°A site cloned into
the internal exon of BG CRY1, or with 102 nt of exonic sequence surrounding the CRY/
suppressed m°A site cloned into the internal exon of BG Ass CRY 1, in which all the splice sites
are deleted. Schematic of constructs (left), m®A enrichment at the CRY! suppressed m°A site
(right). D, m®A methylation of specified BG CRYI constructs with the presence of introns and
length of internal exon varied. Schematic of constructs (left), m°A enrichment at the CRYI
suppressed m°A site (right). For B to D, RNA is sheared to ~150 nt fragments and primers amplify
62 nt fragment containing the CRY! suppressed m®A site. mean + SEM , two-tailed T-test, **,
P<.01, *** P<.001, three biological replicates.
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Figure 10. Pre-mRNA splicing suppresses m°A methylation in an exon length-dependent
manner, continued.

A, mSA methylation of specified BG CRY1 constructs. Schematic of constructs (left), gray dot
represents the position of the CRY! suppressed mPA site. Blue region indicates sequence derived
from the CRY1 endogenous sequence surrounding the suppressed m°A site, gray regions indicate
sequence derived from rabbit beta-globin (BG). Number following CRY 1 refers to the number of
nucleotides  of  exonic  sequence  surrounding  the CRYI suppressed m°A site  in
the CRY1 endogenous mRNA that is cloned into the BG construct. A denotes deletion of the
specified intron(s). BG CRY1 102, BG Ail,i2 CRY1 102, BG Ail CRY1 102, and BG Ai2 CRY1
102 all contain 102 nt of endogenous CRY! exonic sequence surrounding the suppressed m°A site
within their internal exons. BG CRY1 102 contains both introns, BG A i1,i2 CRY1 102 lacks both
introns, and BG A il CRY1 102 and BG A 12 CRY1 102 lack the first and second introns,
respectively. BG CRY1 912 and BG A il1,i2 CRY1 912 contain 912 nt of endogenous CRY1
exonic sequence surrounding the suppressed m®A site within their internal exons. BG CRY1 912
contains both introns while BG A il1,i2 CRY1 912 lacks both introns. m°A enrichment at
the CRY1 suppressed m®A site (right), mean + SEM, two-tailed T-test, *P<0.05; **P<0.01,
*#*P< 001, three biological replicates. B, m®A methylation of specified BG CRY 1 constructs.
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Figure 10, continued

Schematic of constructs (left), BG CRY1 102, BG A i1,i2 CRY1 102 and BG CRY1 912 as
described in a. BG CRY1 250, BG CRY1 400, BG CRY1 550 contain 250, 400, and 550 nt
of endogenous CRY! exonic sequence surrounding the suppressed m°A site within their internal
exons, respectively, and contain both introns. m°A enrichment at the CRY1 suppressed mCA site
(right), mean + SEM, two-tailed T-test, *P<0.05; **P<0.01, three biological replicates. For A and
B, RNA is sheared to ~150 nt fragments and primers amplify a 62 nt fragment containing
the CRY1 suppressed m®A site. m°A  enrichment is calculated as IP/input normalized to
mC®A* Gaussia luciferase RNA spike-in IP/input.

60



suppression is dependent on the proximity of the m°A site, located within the center of the exon,
to splice sites. Expanding the length of the BG CRY1 102 internal exon by cloning in larger
amounts of flanking sequence resulted in a progressive loss of suppression, with a >= 476 nt
internal exon unable to suppress m°A (Figures 10B and 9D). These results reveal, for the first time,
a causal role for splicing events in regulating m®A. Splicing can suppress m®A in an exon length-
dependent manner, strongly suppressing m°®A sites within internal exons near average length, but
not in longer internal exons or terminal exons. Because the vast majority of human internal exons
are shorter than 476 nt, this mechanism could suppress thousands of CDS suppressed m°A sites

that reside in proximity to splice sites.

Exon junction complexes control m°A epitranscriptome specificity

To further elucidate this m®A suppression pathway, we next searched for specific cellular
factors that mediate strong splicing-dependent suppression of m®A specifically within average-
length exons. One candidate factor we considered was the exon junction complex (EJC). The EJC
is deposited by spliceosomes onto mRNA ~24 nt upstream of exon-exon junctions and plays many
roles in gene expression regulation (Boehm and Gehring, 2016; Hir et al., 2016). Notably, two
recent studies report that EJCs efficiently block splicing at proximal aberrant splice sites (Blazquez
et al., 2018; Boehm et al., 2018). Additionally, EJCs package and compact mRNA and can protect
long stretches of proximal RNA from nuclease accessibility in vitro, and also block 5’ to 3’
exonuclease degradation in vivo (Lee et al., 2020; Singh et al., 2012). We reasoned that suppressed
mPA sites within average-length internal exons are within relatively close proximity to both an
upstream and downstream EJC. Conversely, m°A sites within long internal exons and near stop

codons (which generally reside in long last exons) can be hundreds of nucleotides removed from
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the nearest EJC and escape suppression. We therefore hypothesized that EJCs could mediate the
splice site-proximal suppression of méA we observed.

We knocked down (KD) the core EJC factor eIF4A3 in HeLa cells and assessed the effect
on m®A deposition transcriptome-wide using m®A-MeRIP-seq. Notably, 24,350 regions were
significantly hypermethylated upon EIF443 KD, while 3,140 regions were hypomethylated
(Figure 11A). 9,457 of these hypermethylated regions exhibited a greater than 8-fold increase in
mPA enrichment compared to the non-targeting siRNA control. To assess whether these m°A
changes are mediated by the EJC, we knocked down RBM8A, another core EJC factor (Tange et
al., 2005). We observed similar, though relatively milder, transcriptome-wide m®A changes, with
14,034 significantly hypermethylated regions observed, of which 8,012 overlapped with
hypermethylated regions observed in EIF443 KD (Figure 11A, 12A and 12B). The relatively
milder m°A changes upon RBM8A4 KD may result from relatively lower KD efficiency (Table 2)
or may indicate a stronger requirement of elF4A3 for suppression. Concordant with these
transcriptome-wide mA changes, using LC-MS/MS, we found that EIF443 KD increased global
levels of m°A in polyadenylated RNA by two-fold, while RBM8A4 KD resulted in a ~25% increase
(Figure 12C).

22,927 hypermethylated regions from EIF443 KD and 11,557 hypermethylated regions
from RBM8A KD do not overlap with m®A peaks identified in the non-targeting siRNA control
condition, suggesting that these regions contain newly methylated suppressed m®A sites (Figure
11A). These newly methylated sites were observed on both unmethylated regions of endogenously

methylated transcripts (e.g. SRSF6, DDX3X) as well as endogenously unmethylated transcripts
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Figure 11. EJCs protect exon junction-proximal RNA in average-length exons within coding
sequences from m°A methylation.
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Figure 11, continued
A, Differentially methylated regions upon EIF443 knockdown (KD) in HeLa cells (FDR<.1,

llogoFC>1), three biological replicates (top). Differentially methylated regions upon RBMSA
knockdown (KD) in HeLa cells (FDR<.1, |logoFC|>1), three biological replicates (bottom). Gray
dots indicate differentially methylated regions that overlap m®A peaks in the non-targeting control
KD cells (siC), red dots indicate differentially methylated regions that do not overlap m®A peaks
in the control KD. B, Input and m°A-IP read coverage at SRSF6 and FUS upon non-targeting
control KD, EIF4A43 KD and RBM8A KD in HeLa cells. C, Overlap of suppressed CDS mSA sites
identified in MPmC®A with hypermethylated regions upon EIF4A43 and/or RBM8A4 KD. D, Number
of all mSA peaks in control KD and number of EIF443 KD hypermethylated regions that
unambiguously reside within first, internal or last exons. E, Exon lengths of all m°A peaks residing
within internal exons in control KD, EIF443 KD and RBMS8A KD, and exon lengths of mSA
hypermethylated regions within internal exons upon EIF443 and RBM8A KD in HeLa cells. Dot
and bar represent median and interquartile range, Wilcoxon rank sum test of indicated group vs.
siC all m®A peaks, ****P<2.2e-16. F, Metagene plots of all m®A peaks upon control KD and m°A
hypermethylated regions upon EIF4A3 KD in HeLa cells. G, Metagene plots of all m°A peaks
upon control KD and all m®A peaks upon EIF443 KD in HeLa cells. H, Density of m®A-IP reads
50 nt upstream and downstream 5’ and 3’ splice sites, respectively, and 400 nt downstream last
exon 3’ splice sites upon EIF'44A3 KD and RBM8A KD. I, Number of hypermethylated genes upon
EIF443 KD or RBM84 KD with at least one m°A peak in the control KD, and number of
hypermethylated genes with no mA peaks in the control KD. Hypermethylated genes are defined
as genes whose transcripts contain a new m°A peak upon EIF4A3 or RBM8A KD that is not present
in the control KD.
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Figure 12. EJCs protect exon junction-proximal RNA in average-length exons within coding
sequences from m°A methylation, continued.
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Figure 12, continued

A, Knockdown efficiency of siEIF4A3-1 and siRBM8A-1 in HeLa cells. B, Overlap of
hypermethylated regions upon EIF443 and RBMS8A KD in HeLa cells. C, LC-MS/MS
measurement of m°A levels of polyadenylated RNA from EIF443 and RBM8A KD HeLa cells,
mean = SEM, two-tailed T-test, ***P=.0002, **P=.0027. D, Input and m®A-IP read coverage at
DDX3X and RBM39 upon non-targeting control KD, EIF443 KD and RBMS8A KD in HeLa cells.
E, m°A methylation at CRY1 462 and FAF1 1323 suppressed m°A sites upon EIF443 and RBM8A
KD in HeLa cells assessed by m®A-IP-qPCR. 462 and 1323 denote the position of the site relative
to the transcription start site, mean £ SEM, two-tailed T-test, ****P<.0001, **P=.0019, *P=.0163.
F, m®A methylation at FAF'1 1323 and TP53 1368 suppressed m°A sites upon EIF443 KD in HeLa
cells assessed by SELECT, mean = SEM, two-tailed T-test, *P<.05. Relative ligated product levels
are inversely proportional to mA levels; a decrease in relative ligated product indicates an increase
in mA. G, mSA methylation enrichment at the CRY! suppressed m°A site in specified BG CRY!
constructs upon EIF4A3 KD. Results depicted as normalized m°A enrichment (left) and fold-
change compared to control KD (right). Number following CRY refers to nucleotides surrounding
the CRYI suppressed m°A site in the endogenous CRYI mRNA that is cloned into the BG construct.
Ail,i2 denotes deletion of both introns. RNA is sheared to ~150 nt fragments and primers amplify
62 nt fragment containing CRY1 suppressed m®A site. m®A level is normalized to m®A* in vitro
transcribed Gaussia luciferase RNA spike in, mean +SEM, two-tailed T-test, **, P<0.01, three
biological replicates. H, Metagenes of m®A hypermethylated regions upon RBM8A4 KD in HeLa
cells. I, Density of input reads 50 nt upstream and downstream 5’ and 3’ splice sites, respectively,
and 400 nt downstream last exon 3’ splice sites upon E/F443 KD and RBMS8A4 KD. J, Transcript
methylation status of genes in HeLa cells, grouped by presence of an internal exon > 400 nt. mA+
indicates that transcripts of these genes contain at least one m®A peak, m°A- indicates that
transcripts of these genes do not contain an m®A peak.
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(e.g. FUS, RBM39), and reside predominantly within average-length internal exons within coding
sequences (Figure 11B and 12D). Indeed, out of 1,024 CDS sequences identified by MPmSA to
contain suppressed m°A sites, 466 become methylated upon EIF4A43 and/or RBM8A KD, including
the CRY1 suppressed site (Fig. 11C). This observation indicates that EJCs silence many of the
suppressed m°A sites identified by MPm®A. We confirmed methylation of suppressed m°A sites
by m°A-IP-qPCR and using SELECT, an antibody-independent m®A measurement method (Figure
12E and 12F) (Xiao et al., 2018). Further, we found that E/F443 KD substantially alleviates the
previously observed m°A suppression within the internal exon of BG CRY1 102, further indicating
that the EJC mediates the suppressive effect of splicing on m°A deposition (Figure 12G).
Consistent with our model, newly methylated and hypermethylated regions resulting from
EIF4A3 and RBM8A4 KD are highly enriched in average-length internal exons (medians = 163 nt,
185 nt) within CDSs (Figure 11E-G and 12H). Indeed, EIF443 and RBM8A KD both resulted in
transcriptome-wide increases in m®A enrichment in exon junction-proximal regions (Figure 11H
and 121). EIF443 KD disrupts m°A epitranscriptome specificity globally, resulting in substantial
loss of enrichment of m®A peaks in long internal exons (siC median = 957 nt, siEIF4A3 median =
225 nt) and increased density of m®A in the CDS relative to the stop codon (Figure 11E-G). It was
previously reported that the peak of m°A density near stop codons on metagene plots can be more
precisely visualized as an increase in enrichment 150 nt past the start of last exons, which we also
observe (Figure 11H) (Ke et al., 2015). EIF443 KD results in a global increase in m®A enrichment
<150 nt past the start of last exons (Figure 11H and 12I). This suggests that EJC suppression of
methylation proximal to last exon-exon junctions is responsible for the notable increase in m°A

enrichment >150 nt past the start of last exons, near stop codons.
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Most transcripts exhibiting hypermethylation upon EIF4A3 KD have one or more m°SA
peaks under the non-targeting siRNA control conditions. However, over a thousand transcripts that
ordinarily lack m®A peaks also gain aberrant m°A methylation upon EIF443 KD, revealing a major
role for EJCs in suppressing m®A deposition on the subset of transcripts that ordinarily are not
subject to m°A regulation (Figure 111). This is consistent with the fact that genes without long
internal exons, which constitute the majority of genes, are less likely to have m®A-methylated
transcripts than those with long internal exons (Figure 12J). We depleted elF4A3 with a different
siRNA in HeLa cells as well as with both E/F'443 siRNAs in HEK293T cells and observed similar
transcriptome-wide m°A changes in each case (Figures 13 and 14). Altogether, these data indicate
that spliceosomes widely suppress m®A methylation via deposition of EJCs that protect proximal
RNA from methylation. This protection underlies multiple characteristics of global m°A
epitranscriptome specificity, including enrichment of mA in long internal exons, depletion of m°A
in CDSs and enrichment of m®A in last exons near stop codons, and methylation selectivity for

transcripts possessing long internal exons.

mRNA expressed from unspliced expression constructs is hypermethylated

Expression constructs that lack endogenous splice sites are widely used as biological
research tools and in gene therapy. The pervasive m°A suppression by EJCs suggests that many
mRNAs expressed from unspliced transgenes may be aberrantly hypermethylated compared to
their endogenous transcripts. Indeed, we found that mRNAs from thousands of distinct plasmid
transgenes are aberrantly hypermethylated due to lack of physiologic m®A suppression by the EJC
(Figures 4 and 10). Interestingly, we noted that /DS, which encodes iduronate 2-sulfatase, an

enzyme involved in the lysozomal degradation of dermatan sulfate and heparan sulfate, and SMN1,
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Figure 13. Knockdown of eIF4A3 with an alternative siRNA confirms elF4A3-mediated
suppression of exon junction-proximal m°A methylation.

A, Knockdown efficiency of siEIF4A3-2 in HeLa cells. B, Differentially methylated regions upon
siEIF4A3-2 knockdown (KD) in HeLa cells (FDR<.1, |logo:FC[>1), three biological replicates.
Gray dots indicate differentially methylated regions that overlap méA peaks in the non-targeting
control knockdown cells, red dots indicate differentially methylated regions that do not overlap
mPA peaks in the control. C, LC-MS/MS of m°A of polyadenylated RNA from siEIF4A3-2 HeLa
cells, mean + SEM, two-tailed T-test, ****P<.0001. D, Exon lengths of all m°A peaks within
internal exons in control and upon KD with siEIF4A3-2, and exon lengths of m®A hypermethylated
regions within internal exons upon KD with siEIF4A3-2. Dot and bar represent median and
interquartile range, Wilcoxon rank sum test, ****P<22e-16. E, Metagenes of mSA
hypermethylated regions upon KD with siEIF4A3-2 in HeLa cells. F, Metagenes of all mSA peaks
in control and siEIF4A3-2 KD.
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Figure 14. eIF4A3 globally suppresses exon junction-proximal m°A methylation in HEK293T

cells.
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Figure 14, continued

A, Differentially methylated regions upon E/F443 KD in HEK293T (FDR<.1, [logoFC[>1) with
two different siRNAs, three biological replicates. Gray dots indicate differentially methylated
regions that overlap m®A peaks in the non-targeting control knockdown cells, red dots indicate
differentially methylated regions that do not overlap m®A peaks in the control. B, Knockdown
efficiency of siEIF4A3-1 and siEIF4A3-2 in HEK293T cells. C, Exon lengths of all mSA peaks
within internal exons in control and upon EIF443 KD, and exon lengths of m°A hypermethylated
regions within internal exons upon E/F443 KD in HEK293T. Dot and bar represent median and
interquartile range, Wilcoxon rank sum test of specified group vs. siC all m®A peaks, ****P<2.2e-
16. D, Metagenes of all m®A peaks in control and m®A hypermethylated regions upon EIF443 KD
in HEK293T cells. E, Metagenes of all mSA peaks in control and of all m®A peaks upon EIF4A3
KD in HEK293T cells. F, Density of m®A-IP and input reads near 5° and 3’ splice sites upon
EIF4A43 KD in HEK293T cells.
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which encodes SMN, a protein involved in small nuclear ribonucleoprotein assembly, contain
EJC-suppressed mPA sites in their mRNAsS, respectively (Figure 15A). Mutations in IDS and SMN1
cause Mucopolysaccharidosis type II (MPSII, also known as Hunter Syndrome, an X-linked
lysosomal storage disease) and Spinal Muscular Atrophy (an autosomal recessive motor neuron
disease), respectively, and cause significant morbidity and mortality in affected patients (Mercuri
et al., 2020; Scarpa, 1993). A gene therapy that delivers a functional copy of /DS is currently in
clinical trials for MPSII (Ledford, 2018), and a gene therapy that delivers a functional copy of
SMNI1 has recently been approved for the treatment of Spinal Muscular Atrophy (AveXis, Inc.,
2020). We hypothesized that mRNAs expressed from /DS and SMNI cDNA expression constructs
may be aberrantly methylated due to lack of EJC suppression. Indeed, we observed that mRNAs
expressed from cDNAs are significantly hypermethylated relative to the endogenous mRNAs
(Figure 15B). Thus mRNA expressed from transgenes that lack endogenous mRNA exon

architecture can be hypermethylated due to lack of EJC protection.

EJCs modulate gene expression by suppressing m°A

The most significantly enriched gene ontology terms for transcripts containing EJC-
suppressed m°A sites relate to cell division, splicing, and chromatin modification, which are
cellular processes that are disrupted upon loss of the EJC (Akhtar et al., 2019; Silver et al., 2010;
Wang et al., 2014c¢) (Figure 16A). This suggests that aberrant m®A hypermethylation upon EJC
KD may alter expression of these transcripts and contribute to defects in these pathways. To assess
whether m®A mediates some of the gene expression changes observed upon EJC depletion, we

knocked down elF4A3 in both wild-type and METTL3 heterozygous knockout (METTL37™\t)
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Figure 15. IDS and SMNI1 mRNA expressed from unspliced cDNA expression constructs are
hypermethylated compared to endogenous mRNA.

A, Input and m8A-IP read coverage at IDS and SMNI upon non-targeting control KD and EIF4A3
KD in HeLa cells. B, m®A enrichment on IDS and SMNI mRNA expressed from cDNA expression
plasmids, or on endogenous mRNA (corresponding empty vector (EV) plasmid control

transfection). m®A enrichment is calculated as IP/Input, normalized by IP/Input of a m®A+ Gaussia
luciferase spike in.
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Figure 16. Differential m°A methylation of transcripts upon exon junction complex depletion

leads to gene expression dysregulation.

74



Figure 16, continued

A, Gene ontology term analysis for hypermethylated transcripts upon EIF443 KD, 12 statistically
significant terms with lowest P-values depicted. B, Differential expression analysis upon EITF4A3
KD in WT and METTL3™"- HeLa cells. (+) and (-) interaction denotes genes for which the
expression change upon EIF4A43 KD is significantly (P<.05) more positive or negative,
respectively, in METTL3™- cells compared to change in gene expression upon EIF44A3 KD in WT
cells. Hypermethylated genes are indicated by gold-filled circles. Three biological replicates. C,
Numbers of genes with hypermethylated transcripts with significant (P<.05) (+) and (-)
interactions that exhibit increased or decreased changes in METTL3™"" as compared to WT. For
(+) interactions, “increased change” denotes genes for which expression change is positive upon
EIF443 XD in WT, and is even more positive in METTL3™-, while “decreased change” denotes
genes for which expression change is negative upon EIF443 KD in WT, and less negative or
positive in METTL3™"-. For (-) interactions, “increased change” denotes genes for which
expression change is negative upon EIF443 KD in WT, and is even more negative in METTL3™V
, while “decreased change” denotes genes for which expression change is positive upon EIF4A43
KD in WT, and is less positive or negative upon EIF443 KD in WT METTL3™-. D, Selected
genes that are hypermethylated upon E/F443 KD for which gene expression is significantly
different (adjusted P-value < .05, Wald test) upon EIF443 KD in WT vs. METTL3™-HeLa cells,
mean + standard error. E, Input and m®A-IP read coverage of TP53 upon EIF4A3 KD in HeLa
cells. F, Western blot of p53 levels upon EIF443 KD in wild-type and METTL3™" cells,
representative image of three biological replicates.

75



HeLa cells (Yue et al., 2018) that exhibit reduced mRNA mSA levels, and performed RNA-seq.
We found that for 1,383 genes, the effect of EIF443 KD on gene expression substantially differs
in METTL3"™ versus WT cells (Figure 16B). Notably, 775 of these genes have transcripts that
are newly methylated or hypermethylated upon EIF443 KD. 353 of these hypermethylated
transcripts exhibit a more negative expression change in METTL3"™ vs. WT ((-) interaction) and
422hypermethylated transcripts exhibit a more positive gene expression change ((+) interaction).
For most (567) of these hypermethylated transcripts, METTL3 depletion markedly reduced the
changes normally observed upon EIF4A43 KD, suggesting that mSA contributes to the regulatory
effects of the EJC on these genes (Fig. 16C). For 270 hypermethylated transcripts, METTL3
depletion notably diminished the upregulation normally observed upon EIF443 KD, while for 297
hypermethylated transcripts METTL3 depletion markedly diminished the downregulation
normally observed upon EIF443 KD, suggesting that m°A hypermethylation resulting from EJC
depletion exerts positive or negative effects on gene expression in a transcript-dependent manner.
METTL3 depletion significantly reduced the changes typically observed upon EIF443 KD for
hypermethylated mRNAs encoding splicing regulators (RBFOX2, DDX394, RBM22, SRSF2,
SRSF3, SRSF4, SRSF6), chromatin modifiers and transcription elongation regulators (ELL2,
ELP2, SMYD4, INOS0), and proteins involved in cell division (KIF18B, TUBEI, RALB) (Figure
16D). Thus, m®A hypermethylation of transcripts encoding factors involved in splicing, chromatin
modification, and cell division could contribute to aberrant gene expression changes and contribute
to the splicing, chromatin state and cell division defects previously observed upon EJC depletion,
in addition to previously characterized pathways (Akhtar et al., 2019; Blazquez et al., 2018; Boehm

et al., 2018; Mao et al., 2016; Roignant and Treisman, 2010; Wang et al., 2014c).
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EJC haploinsufficiency within neural stem cells in developing mice has been shown to
cause neurodevelopmental defects, which may model neurodevelopmental disorders in humans
that are caused by EJC mutations (McMahon et al., 2016). p53, a central regulator of apoptosis
and cell cycle progression, is upregulated in EJC haploinsufficient cells and mediates the observed
neurodevelopmental defects (Mao et al., 2016). However, the molecular mechanism for the EJC-
mediated regulation of p53 levels is unclear. We found that 7P53 mRNA, which encodes p53, is
normally unmethylated but gains aberrant methylation upon EIF443 KD (Figure 16E). Further,
our differential expression analysis revealed that the upregulation of 7P53 mRNA upon EIF4A43
KD observed in WT cells is abolished in METTL3”™ cells (Figure 16D). p53 upregulation upon
EJC KD is also disrupted in METTL3”™" cells at the protein level (Figure 16F); note that the faster
migrating band corresponds to an alternatively spliced, smaller p53 isoform that was previously
reported to appear upon EJC depletion (Lu et al.,, 2017). These results indicate that e[F4A3
downregulates p53 expression through its effects on mSA. Altogether, these findings reveal
regulation of mSA specificity as a previously unrecognized pathway by which the EJC impacts

gene expression.

Physiological methylation of EJC-suppressed regions on transcript variants with long exons

To assess whether the EJC-mediated m®A suppression is functionally relevant in vivo, we
investigated whether unmethylated transcript regions that contain EJC-suppressed regions in HeLa
cells were also suppressed in 25 different human tissues for which transcriptome-wide m°A
profiles are available (Liu et al., 2020b). We found that the vast majority (>95%) of these EJC-
suppressed regions were also suppressed in vivo (Figure 17). Most regions were not methylated in

any tissue, indicating that EJCs ubiquitously suppress many m°A sites in a tissue-independent
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Figure 17. Most EJC-suppressed m°A regions in HeLa cells are ubiquitously suppressed in
vivo across human tissues.

Fractions of EJC-suppressed m°A regions that are significantly methylated or not significantly
methylated in different human tissues.
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manner. This result is consistent with the fact that the global enrichment of m®A in long internal
exons and near stop codons is conserved across human tissue types (Liu et al., 2020b). These
results suggest that EJC controls global mA epitranscriptome specificity in vivo across human
tissues.

While the vast majority of the thousands of EJC-suppressed regions appear ubiquitously
suppressed, we noted that hundreds of regions escape suppression in various tissues (Figure 18A).
Notably, the methylation status of these regions varies across tissues, suggesting that these regions
correspond to tissue-specific m®A peaks (Figure 18B). We sought to understand the mechanisms
by which these m°A peaks escape EJC suppression in certain tissues. We hypothesized that some
of these events may be explained by methylation of alternative transcript isoforms with altered
exon structure and EJC binding locations. Indeed, we find that 100 of the tissue-specific mSA peaks
that escape EJC suppression span exon-intron boundaries and have significant m°A-IP read
coverage in regions annotated as intronic in the canonical transcript, as depicted for SGSM2,
FAM120A4 and MBTPS1 as examples (Figure 18C and Table 3). We inspected the aligned m®A-IP
reads and observed that these m®A peaks contain reads that span the canonical exon-intron
junction. These junction-spanning reads represent RNA isoforms that do not use that splice site,
and thus presumably lack EJC binding at that location. This suggests that methylation of alternative
transcript isoforms mediates the differences in m®A methylation across tissues. We quantitatively
assessed across tissues the correlation between the number of m®A-IP reads that span the canonical
exon-intron junction to the m®A enrichment at the corresponding peak region in each tissue.
Indeed, we found that the number of reads that span the junction in each tissue can explain a
significant proportion of variation in m°A enrichment across tissues (Figure 18D). Therefore, these

regions, which are ordinarily suppressed by the EJC due to their close proximity to flanking
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Figure 18. Suppressed m°A sites physiologically escape exon junction complex silencing and
mediate methylation variation across tissues and individuals.
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Figure 18, continued.

A, elF4A3-suppressed regions that are unmethylated in HeLa cells that are methylated in different
human tissues. B, Methylation status of e[F4A3-suppressed regions across different human tissues.
C, Input and m®A-IP read coverage in HeLa siC, HeLa siEIF4A3-1 and representative tissues for
SGSM2, FAMI20A and MBTPSI, and gene models and annotated polyadenylation sites. D,
Correlations between exon-intron junction m®A read coverage and m°A peak IP/input enrichment
ratio, Pearson correlation. E, Schematic model for suppression of methylation within the internal
exon of the canonical isoform (Isoform A), escape from suppression at the corresponding site in
an isoform in which the site resides in a longer composite terminal exon due to intronic
polyadenylation (APA Isoform B), and escape from suppression at the corresponding site in an
isoform in which the site resides in a longer composite internal exon due to intron retention (IR
Isoform C). F, Numbers of m®A-QTL mC®A peaks that overlap e[F4A3-suppressed regions in
Yoruba lymphoblastoid cell lines that are significantly associated with specified complex traits. G,
Input and m®A-IP read coverage in HeLa siC, HeLa siEIF4A3-1 and Yoruba lymphoblastoid cell
lines NA18498 and NA18507. NA18498 is genotype A/A at the OGDH mSA-QTL SNP
(rs740040). NA18507 is genotype G/G. Gene models and annotated polyadenylation sites are

shown below.
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upstream and downstream EJCs, appear to physiologically escape m®A suppression due to the lack
of splicing and EJC deposition on the unspliced exon-intron boundary.

We next probed the identities of these alternative transcript isoforms. We analyzed
transcriptome-wide intron retention in tissues with IRFinder and found that 53 of these exon-intron
spanning m°A peaks reside on alternatively spliced, retained introns, including the SGSM2 m°A
peak (Fig. 18C and Table 4) (Middleton et al., 2017). We also noted that some of the peaks appear
to occur on alternative isoforms that are generated through intronic alternative cleavage and
polyadenylation (APA), illustrated by FAM120A and MBTPSI (Fig. 18C). Both these alternative
pre-mRNA processing events alter transcript exon structure by lengthening exons. Intron retention
at these sites converts an average-length internal exon into a long composite internal exon that
contains two exons and their intervening intronic sequence. Similarly, APA at these sites converts
an average-length internal exon into a longer composite terminal exon that contains both the
internal exon and downstream intronic sequence. This expansion of exon length and removal of a
flanking EJC appears to allow the suppressed m®A sites within the internal exon to escape EJC
suppression and acquire methylation (Figure 18E). This model is consistent with the results from
our CRYI minigene experiments, in which we demonstrated that removal of either an upstream or
downstream intron is sufficient for m®A in an average-length internal exon to escape suppression
(Figure 10A). A variety of studies have demonstrated that intron retention and intronic alternative
polyadenylation play pivotal roles in normal and disease-related human biology (Lee et al., 2018;
Naro et al., 2017; Wong et al., 2013). Our results suggest that a subset of EJC-suppressed regions
can physiologically escape suppression through methylation of transcripts with longer exons and

generate tissue-specific mSA patterns that affect tissue-specific gene expression.
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Furthermore, we similarly found that a subset of EJC-suppressed regions also escape
silencing in Yoruba lymphoblastoid cell lines (LCL) that have been used to assess the impact of
genetic variation on m®A and other gene expression processes. A previous study identified m°A
peaks in LCLs that vary in methylation levels due to interindividual genetic variation (Zhang et
al., 2020). We found that 48 of these variable peaks occur at EJC-suppressed regions in HeLa
cells. Notably, variations in the m®A levels of a subset of these peaks are significantly associated
with complex traits, suggesting their functional importance (Figure 10F and Table 5). These traits
include HDL, platelet and cholesterol levels, as well as disorders such as schizophrenia,
hypothyroidism and bipolar disorder. For instance, genetic-mediated variation in methylation
levels of an m®A peak on OGDH, which encodes Oxoglutarate Dehydrogenase, is associated with
variation in platelet counts. A SNP (rs740040) within an intron upstream of the OGDH mSA peak
is significantly associated with methylation level variation, with allele “A” conferring higher
methylation levels; methylation variation in this transcript region appears to be driven by
methylation of an APA transcript isoform, pointing to the functional relevance of this mode of
mCA regulation (Figure 10G). We note that many EJC-suppressed m®A peaks in both tissues and
LCLs can also escape suppression without apparent changes in transcript structure, suggesting the
presence of additional pathways to enable methylation of these regions. Altogether, these results
indicate that a subset of EJC-suppressed mCA sites can escape suppression in certain physiological

contexts, which contributes to methylation variation across tissues and individuals.
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EJCs and peripheral EJC factor RNPS1 protect exon junction-proximal RNA regions from
aberrant mRNA processing

We next investigated whether the EJC protects proximal regions from methylation due to
a specific inhibitory interaction with the m®A methyltransferase complex or due to steric
hindrance. We immunoprecipitated METTL3-METTL14 and did not observe co-
immunoprecipitation of EJC components, and immunoprecipitated the EJC and did not observe
co-immunoprecipitation of METTL3-METTL14 (Figure 19). We further did not find evidence
for any interactions between METTL3-METTL14 and EJC components in previously reported
proteomic datasets of the respective complexes (Singh et al., 2012; Yue et al., 2018). The lack of
interaction suggests that steric hindrance, rather than a specific inhibitory interaction, accounts for
the ability of the EJC to protect proximal regions from methylation. Nuclear EJCs associated with
the peripheral EJC factor RNPS1 multimerize and associate with wide variety of SR and SR-like
proteins to package and compact mRNA into higher-order, megadalton-scale messenger
ribonucloproteins (mRNPs) that ensheath proximal RNA well beyond the canonical EJC
deposition sites (Mabin et al., 2018; Metkar et al., 2018; Singh et al., 2012). While monomeric
EJCs assembled in vitro only protect a ~8-10 nucleotide footprint of RNA at the immediate EJC
binding site, EJCs isolated from cellular extracts can protect tens to hundreds of nucleotides of
proximal RNA from in vitro nuclease digestion due to this cellular mRNA packaging function (Le
Hir et al., 2000; Singh et al., 2012). To assess whether the mRNA packaging function of the EJC
mediates suppression of proximal methylation, we isolated EJCs/EJC-bound RNA from cellular
extracts, digested away physically accessible RNA with in vitro nuclease treatment, then measured
mPA levels on the EJC-protected RNA footprints. Consistent with previous reports, we observed

the presence of long EJC-protected RNA footprints tens to hundreds of nucleotides in length
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Figure 20, continued.

A, Length distributions of bulk polyadenylated RNA and RNase I-resistant EJC footprints. Length
distribution of polyadenylated RNA (lane 1) and EJC footprints obtained from o—elF4A3
immunoprecipitation and RNase I digestion in HEK293T cells (lane 2-4) (left). Length distribution
of polyadenylated RNA (lane 1) and EJC footprints obtained from a—FLAG immunoprecipitation
and RNase I digestion (lane 2) in TREx cells expressing FLAG-tagged Magoh (middle). Length
distribution of polyadenylated RNA (lane 1) and EJC footprints obtained from o—FLAG
immunoprecipitation and RNase I digestion (lane 2) in TREx cells expressing FLAG-tagged
elF4A3 (right). B, LC-MS/MS measurement of m°A levels of bulk polyadenylated RNA and
RNase I-resistant EJC footprints. m°A levels of polyadenylated RNA and EJC footprints obtained
from a—eIF4A3 immunoprecipitation and RNase I digestion in HEK293T cells (left). m°A levels
of polyadenylated RNA and EJC footprints obtained from a—FLAG immunoprecipitation and
RNase I digestion in TREx cells expressing FLAG-tagged Magoh (middle). mSA levels of
polyadenylated RNA and EJC footprints obtained from a—FLAG immunoprecipitation and RNase
I digestion in TREx cells expressing FLAG-tagged elF4A3 (right). Three biological replicates,
mean + SEM , two-tailed T-test, ****P=0002, ***P<.0005. C, LC-MS/MS measurement of m°A
levels of RNase I-resistant EJC footprints obtained by native elution of RNA-protein complexes
and subsequent in vitro methylation with recombinant METTL3-METTL14. RNA-protein
complexes were obtained by a—FLAG immunoprecipitation and RNase I digestion in TREx cells
expressing FLAG-tagged elF4A3, and then competitively eluted with FLAG peptide in
methylation reaction buffer. For the right two bars, unmethylated RNA (in vitro transcribed
MPm®A library RNA) was spiked into the reactions in 10-fold excess to the amount of eluted EJC-
bound RNA. Two biological replicates, mean + SEM, two-tailed T-test, *P=.045. D, LC-MS/MS
measurement of m®A levels of Trizol-purified, deproteinized RNase I-resistant EJC footprints
subjected to in vitro methylation with recombinant METTL3-METTL14 with the same reaction
conditions used in c. Three biological replicates, mean + SEM, two-tailed T-test, ***P=.0008,
**P=.0016.
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(Figure 20A). EJC-protected footprints are strongly depleted of mC®A, indicating that these
inaccessible RNA regions are largely protected from m°A deposition within cells (Figure 20B).
Further, we found that EJCs protect these footprints from in vitro methylation by recombinant
METTL3-METTL14 (Figure 20C). This is not simply due to general inhibition of
methyltransferase activity, as free, unmethylated RNA spiked into the methylation reaction can be
robustly methylated (Figure 20C). This is also not due to lack of methylatable sites on the EJC
footprints, as deproteinized footprints are robustly methylated (Figure 20D). Altogether, these
results indicate that EJCs suppress local m®A deposition by packaging proximal RNA.

We next asked whether the peripheral EJC factor RNPS1, which associates with high
molecular weight EJCs in these highly packaged mRNP structures, plays a role in protecting EJC-
proximal regions from methylation (Mabin et al., 2018). We knocked down RNPS1 and, similarly
to knockdown of core EJC factors, observed substantial hypermethylation within average-length
internal exons and CDS regions (Figure 21A, 21B and 22A-D). We detected fewer
hypermethylated regions overall compared to depletion of the core EJC factors; however, we
observed high overlap between siRNPS1 hypermethylated regions and siEIF4A3/siRBMS8A
hypermethylated regions. Around 45% of significantly hypermethylated regions (628/1423) upon
siRNPS1 KD correspond to regions that are hypermethylated upon depletion of core EJC factors,
as depicted for CDH24, NRAS, and CDCA?7 as examples (Figure 21B and 22D). In contrast to the
effects of RNPS1 depletion, depletion of UPF1, a central NMD factor that interacts with the EJC
in the cytoplasm, did not result in m®A changes similar to those of the core EJC (Figure 23).

If EJCs sterically hinder accessibility of proximal RNA, it follows that activities of other
mRNA regulatory machineries may also be locally suppressed due to a general lack of

accessibility. Notably, the ability of EJCs to protect proximal RNA regions from methylation
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Figure 21. EJCs collaborate with peripheral factor RNPS1 to broadly protect proximal RNA
regions from aberrant mRNA processing.

A, Differentially methylated regions upon RNPS! knockdown (KD) in HeLa cells (FDR<.1,
llogoFC>1), three biological replicates. Gray dots indicate differentially methylated regions that
overlap m®A peaks in the non-targeting control KD cells, red dots indicate differentially
methylated regions that do not overlap m®A peaks in the control KD. B, Input and m°A-IP read
coverage at CDH24 and NRAS upon RNPSI KD and EIF443 KD and corresponding non-targeting
control KD in HeLa cells. Red bracket indicates an eI[F4A3-suppressed splice variant, with ends
of bracket indicating the suppressed splice junctions. C, Enrichment of suppressed splice sites
activated upon EIF443 KD at MPmSA suppressed CDS mSA sites relative to MPm®A endogenous
CDS mPA sites (P=1.298e-12) (top) and at siEIF4A3-1 hypermethylated regions from HelLa
relative to m°A peaks in HeLa that are not hypermethylated (P=5.531¢-70) (bottom). Fisher’s exact
test, dot and bar represent odds ratio and 95% confidence interval. D, Input and mSA-IP read
coverage at SENP3 and HNRNPH I upon EIF4A43 KD and non-targeting control KD in HeLa cells.
Red bracket indicates an e[F4A3-suppressed splice variant, with ends of bracket indicating the
suppressed splice junctions.
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Figure 22. EJCs collaborate with peripheral factor RNPS1 to broadly protect proximal RNA

regions from aberrant mRNA processing, continued.
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Figure 22, continued.

A, RNPS1 knockdown efficiency, normalized to siC, mean + SEM, two-tailed T-test, ****P<.0001.
B, Exon lengths of all m°A peaks residing within internal exons in control KD and RNPS! KD,
and m®A hypermethylated and hypomethylated regions within internal exons upon RNPS! KD in
HeLa cells. Dot and bar represent median and interquartile range, Wilcoxon rank sum test of
indicated group vs. siC all m°A peaks, ****P<2.2e-16. C, Metagenes of all m®A peaks in control
KD, significantly m®A hypermethylated regions, and the top quartile of significantly m°A
hypermethylated regions upon RNPSI KD. D, Input and m®A-IP read coverage at CDH24 and
CDCA7 upon RNPS1 KD, EIF443 KD and non-targeting control KD in HeLa cells. E, Input and
mCA-IP read coverage at DHX15, KPNAI and MARS upon EIF4A3 KD and non-targeting control
KD in HeLa cells. Red bracket indicates an e[F4A3-suppressed splice variant, with ends of bracket
indicating the suppressed splice junctions. F, Number of elF4A3-suppressed and RNPSI-
suppressed splice sites that unambiguously reside within first, internal or last exons. G, Exon
lengths of eI[F4A3-suppressed (median = 129 nt) and RNPS1-suppressed splice sites (median =123
nt) that reside in internal exons. Dot and bar represent median and interquartile range.
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Figure 23. Nonsense-mediated decay factor UPF1 does not preferentially suppress m°A
methylation within average-length internal exons in mRNA coding sequences.

A, UPF1 knockdown efficiency, normalized to siC, mean = SEM , two-tailed T-test, ***P<.001.
B, Differentially methylated regions upon UPFI KD in HeLa cells (FDR<.1, [log2FC|>1), three
biological replicates. C, Exon lengths of all m®A peaks within internal exons in control and upon
UPF1 KD, and exon lengths of mSA hypermethylated and hypomethylated regions within internal
exons upon UPF[ KD. Dot and bar represent median and interquartile range, Wilcoxon rank sum
test of specified group vs. siC all m®A peaks, ***P=1.815¢-7, **P=.00654. D, Metagenes of all
mPA peaks in control KD, significantly m®A hypermethylated regions, and the top quartile of
significantly m®A hypermethylated regions upon UPFI KD.
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resembles the recently characterized EJC- and RNPS1-mediated suppression of proximal aberrant
splice sites and recursive splicing (Blazquez et al., 2018; Boehm et al., 2018). Similar to what we
observed for m°A, the strength of this protective effect decreases proportionally with distance from
the EJC/exon junction. We noted that the region containing EJC/RNPSI1-suppressed m°A
methylation EJC-suppressed splice sites in NRAS coincides with EJC-suppressed splice sites
(Figure 21B)(Boehm et al., 2018). Transcriptome-wide, EJC-suppressed m®A sites significantly
colocalize with EJC-suppressed m®A sites, representing common regions in which both the m°A
methylation and splicing machineries are suppressed by the EJC (Figure 21C). Overall, we identify
592 elF4A3-suppressed and 125 RNPS1-suppressed splice sites that reside within 100 nt of
hypermethylated mSA regions with siEIF4A3 KD, with representative examples shown at SENP3,
HNRNPHI1, DHX15, KPNAI and MARS (Figure 21D, 22E and Table 6). Consistent with the co-
localization of suppressed methylation and splice sites, suppressed splice sites are predominantly
found in average-length internal exons (Figure 22F and 22G). Altogether, these results suggest
that RNPS1-associated EJCs suppress both local cellular m®A methylation and splicing through
packaging of proximal RNA and point to exon architecture as an important determinant of local
RNA accessibility to regulatory machineries.

If long internal exons are broadly more accessible than average-length internal exons, one
would predict that other mRNA regulators beyond the m°®A methyltransferase complex may also
prefer to bind long internal exons. We performed a systematic analysis of whether other RBPs
show a binding preference for long internal exons, using existing eCLIP data (Van Nostrand et al.,
2020). Interestingly, in addition to RBM15, a subset of profiled RBPs also preferentially bind to
long internal exons (Figure 24A). For instance, SPEN mRNA contains an 8,176 nt internal exon

that is highly methylated and is also bound by RBPs that prefer binding on long internal exons
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Figure 24. A subset of RBPs preferentially bind long internal exons.
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for internal exons bound by RBM15, a m8A methyltransferase accessory subunit (626 nt). Dot and

bar represent mean + SD. B, m®A methylation and RBP binding sites on SPEN mRNA.
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(Figure 24B). To ensure that this length preference does not simply reflect the fact that RBP
binding sites are more likely to fall in long internal exons by chance due to their greater lengths
relative to short internal exons, we also calculated the ratio of RBP binding to longer (>200nt) vs.
shorter (<200nt) internal exons and normalized by the number of nucleotides in each group. We
still observed a strong preference for long internal exons for this subset of RBPs (Table 7). These
observations suggest that EJCs may regulate mRNA accessibility to a broader range of mRNA
regulators, in addition to the splicing and m®A methylation machineries, through its mRNA

packaging function (Figure 25).
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Figure 25. Exon junction complexes protect proximal RNA from methylation and other
mRNA modifying processes by packaging mRNA.

Schematic model depicting RNPS1-associated exon junction complexes as widespread protectors
of exon junction-proximal RNA from m®A methylation, and other mRNA modifying activities,

through local mRNA packaging.
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Supplementary table legends

Table 2. Knockdown efficiency of EIF4A43, RBM8A, RNPS1, UPFI in m°A-meRIP-seq
experiments.

Supplementary Excel file listing the logoFC in mRNA levels of targeted factors for all m®A-
meRIP-seq experiments.

Table 3. Tissue m°A peaks that contain EJC-suppressed m°A regions and span exon-intron
boundaries.

Supplementary Excel file listing the genomic coordinates of tissue m®A peaks that contain EJC-
suppressed m®A regions and span exon-intron boundaries

Table 4. Retained intron tissue m°A peaks that contain EJC-suppressed m°A regions.
Supplementary Excel file listing the genomic coordinates of retained intron tissue m°A peaks
that contain EJC-suppressed m°A regions.

Table 5. m*A-QTL-associated m°A peaks that contain EJC-suppressed m°A regions .
Supplementary Excel file listing the genomic coordinates of m°A-QTL-associated m®A peaks
that contain EJC-suppressed m°A regions, as well as the associated trait and mSA-QTL SNP ID.

Table 6. eIF4A3-suppressed and RNPS1-suppressed splice sites in proximity to elF4A3-
suppressed m®A regions.

Supplementary Excel file listing the genomic coordinates of eI[F4A3-suppressed and RNPS1-
suppressed splice sites that are within 100 nucleotides of eIF4A3-suppressed m°A regions.

Table 7. Normalized ratio of RBP binding to >200nt and <200 nt internal exons.
Supplementary Excel file of the ratio of RBP binding to longer (>200nt) vs. shorter (<200nt)
internal exons, normalized by the number of nucleotides in each group, for 97 RBPs with eCLIP
data from K562 cells.

Table 8. Oligonucleotide sequences, antibodies, and other reagents.

Supplementary Excel file listing the oligonucleotide sequences, antibodies, and other reagents
used in this study.
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DISCUSSION

Overview

In this work, we developed and validated a massively parallel reporter assay that enables
high throughput measurement of the m®A methylation status of thousands of designed sequences
in parallel, which we term Massively Parallel Assay for m®A (MPmCA). We then applied MPm°A
to systematically assess determinants of mSA on an epitranscriptome-wide scale. We identified
thousands of endogenously unmethylated DRACH sequences that are methylated when expressed
outside of their native pre-mRNA context or when incubated in vitro with recombinant METTL3-
METTL14 enzyme. These suppressed m°A sites are concentrated in unmethylated transcriptome
regions, revealing widespread suppression of m®A as a major determinant of global mSA
specificity. We subsequently identified a mechanism that mediates a large portion of this
suppression. We found that spliceosomes selectively suppress m®A methylation in an exon length-
dependent manner by depositing EJCs upstream exon junctions. EJCs protect long stretches of
exon junction-proximal RNA from cellular methylation deposition by collaborating with the
peripheral EJC factor RNPS1 to package and protect proximal RNA. We find that long EJC-bound
RNA footprints are protected from methylation within cells and from in vitro methylation by
recombinant METTL3/METTLI14. This mechanism accounts for the suppression of many
suppressed m°A sites identified by MPm®A and mediates multiple global characteristics of m°A
specificity. EJC protection of proximal RNA from methylation is essential for proper gene
expression, as EJC depletion results in pervasive aberrant methylation of mRNAs and leads to
m®A-mediated gene expression dysregulation. While most EJC-suppressed m®A sites appear

ubiquitously suppressed, a subset of EJC-suppressed m°A sites appear to escape silencing in

98



certain contexts due to methylation of transcript isoforms with longer exons that are produced by
alternative splicing events. This contributes to methylation variation across tissues and inter-
individual variation in m°A associated with complex traits. Finally, suppressed m°A sites co-
localize with EJC/RNPS1-suppressed splice sites in average-length exons, suggesting that exon
architecture broadly determines local RNA accessibility to mRNA regulatory machineries due to

packaging of exon junction-proximal RNA by EJCs (Figure 26).

Suppression of m°A methylation is a major determinant of m®A epitranscriptome specificity

The extent to which m°A levels across the transcriptome are controlled by intrinsic
determinants vs extrinsic determinants has been the subject of debate. Using MPmC®A, we
discovered thousands of potential mSA sites in the transcriptome that are methylated when
expressed outside of their native pre-mRNA context. This clearly indicates that local sequence
features are not sufficient to encode endogenous methylation status and points to the importance
of regulation of m°A methylation of cellular mRNA by extrinsic factors. While an intrinsic
preference of the METTL3/METTL14 methyltransferase complex for certain sequences is likely
indeed one important determinant of m°A specificity, it is not sufficient to explain patterns of m°A
deposition on cellular mRNA.

Previous studies investigating how mSA is specifically deposited at specific sites on
transcripts have mostly focused on mechanisms that selectively promote methylation at specific
sites. Trans-acting factors such as transcription factors, RNA binding proteins, and histone
modifications, have been proposed to recruit the methyltransferase complex to specific locations
to preferentially methylate nearby RNAs (Barbieri et al., 2017; Bertero et al., 2018b; Fish et al.,

2019; Huang et al., 2019; Slobodin et al., 2017b; Zhang et al., 2020). Outside of these recruitment
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Figure 26. MPm°®A identifies exon junction complexes as m°A suppressors.

Schematic model describing use of MPmPA to discover that widespread suppression of mSA
controls global m®A epitranscriptome specificity (top). Schematic model depicting the mechanism
by which pre-mRNA splicing and subsequent exon junction complex deposition suppress local
mC®A methylation (middle). Transcripts with altered exon architecture due to alternative pre-mRNA
processing or expression from unspliced expression constructs can display altered m®A patterns
due to altered/absent EJC deposition by spliceosomes. Schematic model depicting exon
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Figure 26, continued.
architecture as a broad determinant of local mRNA accessibility to RNA regulatory machineries
via packaging of exon-junction proximal RNA by RNPS1-associated EJCs (bottom).
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models, few alternative mechanisms that control selective m®A deposition have been described.
One previous study reported that transcription factor ZFP217 sequesters METTL3 to reduce global
methylation levels in ESCs (Aguilo et al., 2015). However, it is not clear whether this mechanism
impacts methylation selectivity. EJC protection of proximal RNA regions from methylation
represents a fundamentally new mode of m°A regulation that reveals the overlooked importance
of suppressive mechanisms as major determinants of m®A specificity.

The widespread existence of EJC-suppressed m®A sites on unmethylated regions of
transcripts, as well as transcripts that are ordinarily completely unmethylated, implies the existence
of mechanisms that enable pervasive methylation of the transcriptome in the absence of EJC
suppression. Known mechanisms that promote methylation, including interactions between
METTL3/METTL14 and RNA polymerase II and interactions between METTLI14 and
H3K36me3, a histone mark that is found throughout active gene bodies across the genome, may
facilitate widespread methylation of transcripts. This suggests that the m®A landscape is shaped by
a balance of activating mechanisms that enable widespread methylation of many transcript regions,
and suppressive mechanisms, as characterized for EJCs, that confer methylation specificity by
restricting methylation to certain regions. Our results do not exclude the possibility that significant
portion of m°A specificity can also be conferred by activating mechanisms, or that the
stoichiometry of methylation sites may be modulated by activating mechanisms. However, our
results do indicate that suppressive mechanisms are major regulators of m°A deposition that
mediate multiple characteristics of global m°A specificity and are indispensable for safeguarding
the transcriptome from otherwise widespread methylation.

Further, our systematic analysis of m®A determinants with MPm®A suggests the existence

of more m®A suppressors beyond the EJC. We identified thousands of suppressed m®A sites in

102



3°’UTRs, whose suppression appears to account for the decrease in m®A enrichment past the stop
codon. It has previously been reported that transcript isoforms that use proximal polyadenylation
sites tend to be methylated and those that use distal polyadenylation sites tend to be unmethylated
(Molinie et al., 2016). These sites are not suppressed by the EJC; m®A suppressors that act
preferentially on transcript isoforms that use distal polyadenylation sites may account for the
silencing of these 3’UTR m°A sites. Altogether, our results indicate that the EJC, and potentially

other yet to be identified m®A suppressors, are major regulators of m°A specificity.

The Exon Junction Complex as an m®A “suppressor”

Previously identified mA effector proteins fall broadly into three categories according to
their activities: “writers”, which catalyze m°A methylation, “readers”, which preferentially bind
mCA, and “erasers”, which reverse m°A methylation. Here we establish the EJC as a member of a
new class of m°A regulators: “suppressors”, which broadly suppress the deposition of mSA. The
EJC appears to be a major regulator of m°A deposition that controls multiple key aspects of global
mPA epitranscriptome specificity: the enrichment of m®A in long internal exons, depletion of m°A
in CDSs and enrichment of m®A in last exons near stop codons, and methylation selectivity for
transcripts possessing long internal exons. This mechanism may also explain the high abundance
of mA on chromatin-associated non-coding RNAs, such as enhancer RNAs and LINE-1 elements
that are generally unspliced and thus not bound by the EJC (Liu et al., 2020a).

The EJC is known to play multifaceted roles in gene expression (Boehm and Gehring,
2016; Hir et al., 2016; Schlautmann and Gehring, 2020; Woodward et al., 2017). It promotes the
nuclear export of spliced mRNAs by associating with the nuclear export adaptor ALYREF. It also

plays a role in mRNA surveillance, marking transcripts with premature stop codons for NMD. It
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has also become increasingly appreciated that NMD does not solely play a role in degrading
“erroneous’ transcripts, but also targets “normal” transcripts that contain stop codons upstream of
last exons, such as those containing upstream open reading frames and 3’UTR introns for
degradation. The EJC promotes translation by recruiting translation initiation factors, ribosome
subunits and the ribosomal kinase S6K1 to mRNAs. The EJC controls splicing by blocking
splicing at proximal cryptic splice sites. Further, the EJC has been reported to regulate transcription
by stimulating promoter-proximal Pol II pausing by preventing the association of the transcription
elongation factor P-TEFb complex with Pol II. This also impacts splicing, as promoter-proximal
pausing prevents aberrant exon-skipping.

Our results indicate that the EJC, in addition to these characterized mechanisms, controls
gene expression by suppressing m®A methylation. For hundreds of genes, METTL3 depletion
significantly diminished the upregulation or downregulation in mRNA levels normally observed
upon EIF4A3 depletion. This suggests that aberrant m®A methylation resulting from EJC depletion
exerts positive or negative effects on mRNA levels in a transcript-dependent manner. The
heterogenous effects of m®A methylation on mRNA levels observed here appear concordant with
an emerging appreciation of the varied, context-dependent effects of m°A on gene expression (Shi
et al., 2019). As previously discussed, m°A methylation can impact gene expression by a wide
variety of mechanisms (He and He, 2021). It appears that no one mechanism is dominant enough
across all methylation sites and across all biological contexts to allow one to predict the functional
impact of m®A methylation at any particular site a priori. For instance, a recent study identified
m®A-QTLs and observed low correlations in effect sizes between m°A-QTLs and all other
molecular QTLs analyzed, including expression QTLs, splicing QTLs, mRNA decay QTLs and

protein QTLs (Zhang et al., 2020). One possible explanation for this result is that the functional
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impact of m°A on these processes is heterogenous due to context-dependent effects and diverse
downstream mechanisms. Further work will be required to identify the contributions of various
pathways through which aberrant methylation that is ordinarily suppressed by the EJC impacts
gene expression. Additionally, given the widespread methylation changes observed, dissection of
direct effects from indirect effects of methylation will also help elucidate the specific downstream
pathways mediate the effects of aberrant m°A methylation on gene expression. While further work
will be needed to understand the downstream pathways, our results indicate that mSA suppression
is a previously unrecognized mechanism by which the EJC modulates gene expression.

EJCs exhibit several distinctive characteristics that endow them with a unique capacity to
control gene expression. Unlike many other RBPs, EJCs bind RNA in a largely sequence-
independent manner. Instead, their binding positions are specified by the splice site usage of a
particular mRNA. Thus, EJCs to bind to all spliced mRNAs, regardless of sequence, which
positions EJCs to impact the expression of most of the transcriptome. Further, most human genes
are multi-exon, with relatively short internal exons and relatively long terminal exons. This
stereotypical gene structure means that most mRNAs are bound by EJCs at closely spaced intervals
within CDS regions. Further, EJCs are stably bound to mRNAs after their initial deposition, since
the EIF4A3 subunit is a helicase that tightly clamps onto the RNA in an ATP-dependent manner.
This may contribute to the ability of the EJC to package mRNA and protect it from accessibility,
as the EJCs, once deposited onto mRNAs, do not dissociate from the RNA until the pioneer round
of translation (Dostie and Dreyfuss, 2002; Lejeune et al., 2002). In conjunction with the
widespread, stable binding of EJCs on most mRNAs, EJCs package and protect long stretches of

proximal mRNA. These properties appear to collectively enable the EJC to robustly protect large
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swaths of the transcriptome from methylation. Overall, we establish suppression of m°A
methylation as a novel function of the EJC that is important for gene expression.

Mechanistically, we propose that the EJC suppresses m°A methylation of proximal mRNA
via its mRNA packaging activity. EJCs have been reported to play key roles in the structural
organization of pre-translational mRNPs by packaging and compacting RNA. EJCs initially form
high molecular weight mRNP complexes in which EJCs multimerize and interact with a wide
variety of other proteins, including SR and SR-like proteins such as the peripheral EJC component
RNPS1 (Mabin et al., 2018). During later EJC stages, EJC composition shifts from this higher
order mRNP complex to a lower molecular weight SR protein-devoid monomeric form that lacks
RNPS1 and contains the EJC subunit CASC3. EJCs, in their high molecular weight form, have
been proposed to package proximal RNA, based on their ability to protect long RNA footprints
from in vitro nuclease digestion. However, the functional significance of EJC-mediated mRNP
packaging has remained unclear.

We find that EJC-bound, long RNA footprints are protected from cellular methylation and
in vitro methylation with recombinant METTL3-METT14. Further, RNPS1 depletion results in
transcriptome-wide m8A changes that resemble the changes observed upon depletion of the core
EJC factors. This suggests that the ability of RNPS1-associated EJCs to package proximal mRNAs
protects long stretches of proximal RNA from m®A methylation. We do not detect a specific
interaction between METTL3-METTL14 and the exon junction complex. The lack of interaction
is concordant with the notion that steric hindrance, rather than a specific inhibitory interaction,

accounts for the ability of the EJC to protect proximal regions from methylation.
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Crosstalk between pre-mRNA splicing and m°A methylation

Our results reveal widespread crosstalk between pre-mRNA splicing and m°A methylation.
mCA has previously been reported to affect splicing (Liu et al., 2015; Louloupi et al., 2018; Xiao
et al., 2016; Zhou et al., 2019a), and we now present evidence that, reciprocally, splicing is a
widespread regulator of méA deposition. m®A has been proposed to be deposited onto transcripts
co-transcriptionally, though its general temporal relationship with splicing, another co-
transcriptional process, is not entirely clear (Knuckles et al., 2017). Overall, the kinetics of m°A
deposition in relation to transcription and other RNA processing steps have not been characterized
in detail. Based on m®A-mapping of chromatin-associated and nascent RNA, METTL3/METTL 14
appears to install methylation onto RNA soon after, or during the process of transcription (Ke et
al., 2017). Methylation is often referred to as a co-transcriptional event, due to detected interactions
of METTL3/METTL14 with RNA polymerase and chromatin (Knuckles et al., 2017; Slobodin et
al., 2017a). However, the extent to which METTL3/METTL14 deposits m®A onto RNA that is
still tethered to the polymerase i.e, co-transcriptionally vs. at other early time points following
release of the transcript does not appear to have yet been directly examined.

Reported roles for méA in splicing regulation indicate that some amount of mSA is
deposited onto pre-mRNA prior to splicing at certain sites (Louloupi et al., 2018; Xiao et al., 2016;
Zhou et al., 2019b). Our results imply that a significant amount of m°A is also deposited onto
mRNA following splicing and that m®A deposited onto pre-mRNA prior to splicing would not be
expected to exhibit the hallmarks of m°A specificity conferred by EJC suppression. Consistent
with this notion, a study that mapped m®A on nascent mRNA, which is enriched for unspliced pre-
mRNA, reported increased m°A enrichment within 100 nt of splice sites in nascent RNA when

compared to polyadenylated mature mRNA (Louloupi et al., 2018). We analyzed this dataset and
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found that m°A peaks in nascent RNA are found in much shorter internal exons (median = 205 nt)
than m°A peaks in polyadenylated mRNA (938 nt), which appears to explain the increased
enrichment near splice sites (Figure 27A). Moreover, nascent mRNA does not show the
characteristic enrichment of m°A near the stop codon observed in polyadenylated mRNA and
exhibits a broader enrichment over coding sequences (Figure 27B). Thus, consistent with our
finding that the EJC globally regulates m®A specificity, the distribution m®A in nascent mRNA
differs markedly from normal polyadenylated mRNA and appears to parallel the polyadenylated
distribution observed upon EJC depletion. This data further suggests that m®A peaks that do reside
in exon-junction proximal regions in mature mRNA may primarily be deposited on pre-mRNAs
prior to splicing.

We note that one study mapped m®A on chromatin-associated RNA and reported that it
was similar overall to the distribution in nuclear and cytoplasmic RNA fractions; this result appears
to be consistent with our results, as the chromatin-associated RNA (caRNA) analyzed in this
particular study consists predominantly of spliced chromatin-associated RNA, with the majority
of exons >90% spliced (Ke et al., 2017). We hypothesize that alterations in the relative kinetics of
mPA methylation and splicing could also mediate differential methylation of EJC-suppressed m°A
sites without generation of alternative transcript isoforms. Future work should further investigate

the temporal order of splicing and m®A methylation processes across the transcriptome.

Exon architecture as a functional element in gene expression regulation
Our results suggest that exon architecture is a functionally relevant element for post-
transcriptional gene expression regulation. Human genes exhibit a stereotypical exon architecture

of short internal exons of relatively uniform length (140-150 nt on average), flanked by longer
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Figure 27. m°A distribution in nascent RNA exhibits decreased enrichment in long internal
exons and near stop codons.

A, Exon lengths of m®A peaks that reside in internal exons in mSA-meRIP-seq of bulk
polyadenylated RNA and Transient N-6-methyladenosine transcriptome sequencing (TNT-seq) of
nascent RNA in HEK293T cells. Dot and bar represent median and interquartile range, Wilcoxon
rank sum test, ¥*** = P<2.2e-16. B, Metagenes of m°®A-seq and TNT-seq peaks in HEK293T cells.
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terminal exons. Whether this stereotypical exon architecture has functional importance for gene
expression has not been extensively studied. One study reported that first exon length is inversely
correlated with promoter-proximal H3K4me3 and H3K9ac levels and transcriptional activity
(Bieberstein et al., 2012). The authors proposed that short first exons promote transcription
because the decreased distance between the first 5’ splice site and the promoter allows the splicing
machinery to exert positive feedback on transcription. Overall, there is a paucity of data on the
relevance of exon architecture and exon length on gene expression.

Here, we find that exon architecture is functionally relevant for gene expression as a
principal determinant of mRNA m°®A methylation. Since EJCs are positioned near mRNA exon
boundaries, exon architecture determines the spacing between EJCs. This spacing is relevant, as
closely spaced EJCs can prevent methylation of long stretches of mRNA, whereas long gaps
between EJCs permit methylation of the intervening sequence. For transcripts that exhibit a
stereotypical exon architecture, this means that internal sequences that correspond to internal exons
are largely protected from methylation by EJCs, while sequences in longer terminal exons can be
methylated. Deviations from this stereotypical exon architecture result in deviations in methylation
patterns; for instance, the minority of transcripts with unusually long internal exons are
preferentially methylated over transcripts without long internal exons.

Notably, exon architecture is not fixed, but is regulated by alternative pre-mRNA
processing. Alternative pre-mRNA processing events such as intron retention and intronic
alternative cleavage and polyadenylation produce transcripts with altered exon architectures with
longer exons (Lee et al., 2018; Monteuuis et al., 2019; Singh et al., 2018). We find that EJC-
suppressed m®A sites in average-length internal exons can be methylated on alternatively spliced

transcript isoforms with longer exons, presumably due to the expansion of exon length resulting
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in removal of a flanking EJC. Methylation of these transcript isoforms appears to contribute to
variation in methylation across tissues and inter-individual variation in methylation associated with
complex traits. The functional implications of differential methylation of transcript isoforms on
gene expression should be further explored. We note that is currently unclear whether methylation
is deposited onto these transcripts prior to or following the pre-mRNA processing steps that
produce these transcripts. Some studies report that mSA promotes alternative polyadenylation,
though others report that it does not (Kasowitz et al., 2018; Ke et al., 2015; Molinie et al., 2016;
Yue et al., 2018). Either case is consistent with the notion that lack of EJC binding enables
suppressed m®A sites to escape suppression and mediate differential methylation between
transcript isoforms. The effects of exon length on mRNA modification could represent a
previously unrecognized mode of gene expression control that is relevant in diverse physiological
and pathophysiological processes.

Another setting in which exon architecture is commonly altered is when mRNA is
expressed from artificial expression constructs. cDNA expression constructs lacking endogenous
splice sites are widely used tools in many fields of biology and medicine. Importantly, we find that
m®A levels on mRNAs expressed from unspliced plasmids can significantly differ from
endogenously spliced mRNAs due to activation of EJC-suppressed m°A sites. This may impact
the interpretation of experiments using these constructs. Given the pervasive presence of
suppressed m®A sites across the transcriptome, going forward, investigators studying m°A
methylation, and RNA regulation more generally, using unspliced plasmid-based constructs
should check whether reporter mRNA recapitulates endogenous m°A patterns to prevent artifactual
findings. Aberrant m®A deposition on these transcripts may also have relevance for other

experimental or therapeutic contexts that in which cDNA expression constructs are used, such as
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in gene therapy. For instance, we find that mRNA for SMNI, used in gene therapies for Spinal
Muscular Atrophy, and IDS, used in gene therapies for Mucopolysaccharidosis 1II, is
hypermethylated when expressed from cDNA constructs (AveXis, Inc., 2020; Scarpa, 1993).
Altogether, our results point to the functional importance of exon architecture as a determinant of

mP®A methylation and gene expression.

EJC-mediated mRNA packaging as a mechanism to broadly regulate mRNP accessibility

A particularly intriguing implication of our findings is that EJC-mediated mRNA
packaging may serve as a broader system to control “mRNP accessibility”. After demonstrating
that EJCs sterically hinder methylation of proximal RNA, we investigated whether the activities
of other mRNA regulatory machineries beyond the m°A methyltransferase complex may also be
locally suppressed by EJCs. We noted significant parallels between the ability of the EJC protect
proximal RNA from methylation and the recently characterized ability of the EJC to protect
proximal RNA from aberrant splicing (Blazquez et al., 2018; Boehm et al., 2018). Similar to what
we observed for m®A, the suppressive effect on splicing extends beyond the canonical EJC binding
sites to nearby regions, and the strength of this protective effect decreases proportionally with
distance from the EJC/exon junction. Both processes also involve the activity of the peripheral
EJC component RNPS1. The magnitude of the protective effect is strong for both methylation and
splicing, with many suppressed splice sites and m°A sites exhibiting no detectable usage under
normal conditions. Based on these observations, we propose that mRNP packaging by EJCs
broadly limits the accessibility of exon junction-proximal RNA to RNA modifying machineries,

thus protecting nearby RNA from methylation, splicing, and nuclease digestion. This would tie the
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exon architecture of transcripts to the accessibility of specific mRNP regions to these regulatory
machineries.

We note that despite these prominent similarities, there do appear to be several differences
between the suppression of splicing and the suppression of methylation by EJCs. The range of EJC
protection against methylation appears to be greater than that of EJC protection against splicing.
Experiments in which EJC components are artificially tethered to minigene constructs indicate that
the range of suppression for splicing is on the order of tens of nucleotides away from EJCs
(Blazquez et al., 2018; Boehm et al., 2018). In contrast, our minigene experiments and EJC
depletion experiments indicate that the range of m®A suppression can extend from tens to hundreds
of nucleotides away from the nearest EJCs. Further, in our siRNA knockdown experiments, we
detect an order of magnitude more EJC-suppressed m®A regions than previously reported EJC-
suppressed splice sites. These results indicate that EJC suppression of m°A may be relatively
stronger than EJC suppression of splicing. However, we cannot exclude technical differences as a
factor that contributes to the apparent differences in the properties of EJC-mediated m®A and
splicing suppression. Regardless, the similarities between these mechanisms, as well as the data
presented here connecting EJC-mediated mRNA packaging to its m®A suppression activity,
suggest that transcript exon architecture may be an important determinant of local mRNP
accessibility due to the mRNA packaging by EJCs.

Chromatin accessibility, defined as the degree to which nuclear macromolecules can
physically contact chromatinized DNA, is well established as an important determinant of
eukaryotic gene expression. Chromatin accessibility is a key determinant of transcription factor
(TFs) binding specificities, which is essential for proper transcriptional regulation. Nucleosomes,

which consist of an octamer of histone proteins encircled by ~ 147 bp of DNA, are the core
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structural elements of chromatin and principal determinants of chromatin accessibility (Kornberg
and Lorch, 1999). Nucleosomes physically occlude access of packaged DNA, broadly suppressing
accessibility of bound DNA to DNA regulatory factors such as TFs. Chromatin that is loosely
packaged, or “open” chromatin, is permissive for transcription factor binding, while chromatin
that is tightly packaged, or “closed” chromatin, is not permissive for transcription factor binding.
While there are certainly exceptions to this model, as evidenced by TFs that preferentially bind to
heterochromatic DNA and “pioneer” transcription factors can bind to closed chromatin and
participate in its conversion to open chromatin, most TFs whose genome-wide binding sites have
been surveyed bind to accessible chromatin almost exclusively (Thurman et al., 2012).

In contrast to chromatin accessibility, the concept of mRNP accessibility as a determinant
of gene expression is not as well established. mRNA is heavily associated with protein; mRNPs
have been estimated to exhibit an RN A:protein weight ratio of around 1:3, calculated based on the
equilibrium buoyant densities of mRNPs in a CsCl gradient (Perry and Kelley, 1966; Spirin, 1979).
Pre-mRNA and mRNA are known to be bound by a complement of associated RBPs that varies
between genes and changes throughout the lifetime of an mRNA (Singh et al., 2015). It is currently
estimated that over 1000 proteins in human cells can bind to mRNA (Baltz et al., 2012; Bao et al.,
2018; Queiroz et al., 2019; Trendel et al., 2019; Urdaneta et al., 2019). Some of these RBPs bind
transiently, while others bind more stably and form large protein-RNA complexes that are more
likely to impact general mRNP accessibility. Early reports describing RNA packaging focused on
the packaging of nascent heterogeneous nuclear RNA (hnRNA), more commonly referred to as
pre-mRNA today, by heterogenous nuclear ribonucleoproteins (hnRNP) into hnRNP particles.
Interestingly, these reports revealed striking parallels between the packaging of hnRNA into

hnRNP particles and the packaging of genomic DNA into nucleosomes. Visualization of newt
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oocyte and Drosophila embryo hnRNA by electron microscopy revealed a “beads-on-a-string”
repeating subunit structure of 200-300 angstrom spherical protein-associated particles connected
by ribonuclease-sensitive regions(Malcolm and Sommerville, 1974; McKnight and Miller, 1976).
These oligomeric arrays of ribonucleoprotein particles are converted to 20 nm monomers in the
presence of nuclease activity. These monomers sediment near 40S in density gradients and are
termed hnRNP particles. Various hnRNP proteins (hnRNPA1, hnRNPA2, hnRNPB1, hnRNPB2,
hnRNPC1, hnRNPC2) were identified as the packaging proteins within these hnRNP particles in
human cells (Beyer et al., 1977). These proteins assemble in a defined molar ratio and package
pre-mRNA into repeating arrays (Barnett et al., 1990; Conway et al., 1988). hnRNPC1/C2
(hnRNPC) act as protein rulers that define the length of RNA to be packaged. hnRNPC forms
tetrameric complexes that binds approximately 150-230 nt of RNA with high cooperativity
(McAfee et al., 1996). Due to the notable parallels between the packaging of DNA by histones and
the packaging of pre-mRNA by hnRNPs, these hnRNP particles have been previously been termed
“ribonucleosomes”, or “RNA nucleosomes” (Conway et al., 1988; Konig et al., 2010; Weighardt
et al., 1996).

Relatively few studies appear to have examined how the pre-mRNA packaging function of
hnRNPs specifically relate to their function of individual hnRNPs, as opposed to packaging-
independent activities. One study examining the role of hnRNP packaging in gene expression
mapped hnRNPC RNA binding sites and found that the RNA recognition motif domains of hnRNP
C bind uridine-rich tracts (Konig et al., 2010). Consistent with the role of hnRNPC in packaging
RNA in hnRNP particles, a subset of these binding sites are spaced at regular intervals of ~165 nt
and 300 nt. This study proposed that hnRNP packaging plays a dual role in modulating alternative

splicing. A subset of alternative exons appear to be silenced by incorporation of the exonic RNA
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sequence into the hnRNP particles, whereas the usage of a subset of alternative exons are enhanced
by incorporation of RNA in the preceding intron into hnRNP particles. Overall, while there is some
evidence for functional roles of hnRNP particles in gene expression, more detailed investigation
is needed to fully elucidate their significance.

EJCs have more recently been reported to exhibit the ability to package mRNA,
representing a system by which mature mRNAs are packaged and compacted into mRNPs (Mabin
et al., 2018; Metkar et al., 2018; Singh et al., 2012). There are intriguing similarities between EJC-
mediated mRNP packaging to the systems of packaging that have been characterized on pre-
mRNA and DNA, but also notable differences. EJCs share a notable similarity with histone
octamers regarding their ability to extensively bind their respective nucleic acids at closely-spaced
intervals. The average distance between nucleosome midpoints in humans is ~185 bp, and the
average exon length (and thus the average spacing between EJC binding sites) is around 140 nt
(Schwartz et al., 2009; Tilgner et al., 2009). While hnRNPs are reported to bind RNA at ~165 nt
intervals, which resembles nucleosome and EJC spacing, it is unclear how regularly and
extensively hnRNPC bind to each pre-mRNA given the stronger preference for specific sequence
motifs than histones and EJCs. Like histones and hnRNPs, EJCs package and compact long
stretches of their respective nucleic acid. However, the composition and structure of EJC-packaged
mRNPs is not as well defined as nucleosomes and hnRNP particles. It is unclear whether the
subcomponents of the high molecular weight EJC-packaged mRNP structures associate in a
defined stoichiometry. Further, while EJCs bind mRNA at close intervals, it does not appear that
they form simple monomeric particles resembling beads on a string (Metkar et al., 2018). Like
hnRNP packaging of pre-mRNA, the functional roles of EJC packaging of mRNA have not been

explored in great detail.
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Our findings here, in conjunction with data from other recent reports, suggests that mRNP
packaging plays an essential role in controlling accessibility of cellular RNA to the m°A
methylation and splicing machineries (Blazquez et al., 2018; Boehm et al., 2018). Our findings
suggest that mRNP packaging could represent an important determinant of gene expression by
broadly controlling the local accessibility of mRNA to regulatory machineries. We find that a
subset of RBPs, like the m®A methyltransferase complex, prefer to bind long internal exons over
shorter internal exons. These RBPs are candidates for future investigation as factors whose
specificity may also be controlled by EJC-mediated mRNP packaging. Future work should explore
the extent to which mRNP accessibility represents an important general determinant of gene
expression.

We note that the breadth of processes that are suppressed by the EJC may be limited by the
temporal window in which mRNA resides in this tightly packaged state as well as by variations in
EJC deposition. Since EJCs are thought to be displaced from mRNAs upon the pioneer round of
translation, regulatory machineries that interact with mRNAs following translation are unlikely to
be impacted by EJC-mediated mRNA packaging. Further, not all pre-translational events may be
equally impacted by EJC-mediated packaging. As mentioned above, EJC mRNP composition is
thought to shift from an initially high molecular weight, highly packaged form, to a lower
molecular weight, loosely packaged form as the mRNA proceeds from the site of transcription in
the nucleus to translation by ribosomes in the cytoplasm (Mabin et al., 2018). Pre-mRNA splicing
and m°A methylation are nuclear processes that generally occur quickly after transcription takes
place, likely coinciding with the time when EJCs initially form highly packaged mRNP structures.
Given that EJC composition may shift over time, events in mRNA metabolism that occur at later

stages in the mRNA lifetime may evade EJC-suppression. We also note that transcriptome-wide
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mapping of EJC binding sites indicates that while the majority (>80%) of exons exhibit EJC
occupancy at the canonical EJC position, a subset do not exhibit EJC occupancy (Sauliere et al.,
2012; Singh et al., 2012). This may be in part due to RNA secondary structures at the canonical
binding site that prevent EJC deposition, as well as other unknown factors. This also may be due
to technical issues with methods used to map EJC binding sites that result in a certain frequency
of false negatives, as genome-wide approaches often exhibit protocol-specific biases and imperfect
sensitivity. For instance, it has been reported that EJCs do not photo-crosslink efficiently to RNA
(Patton et al., 2020). Further work will be required to examine the breadth of molecular processes

that are suppressed by EJC packaging of mRNPs.

Conclusion

Prior to this work, the mechanisms that globally control the selective installation of mSA
methylation on cellular mRNAs were not well understood. To assess the importance of intrinsic
vs. extrinsic determinants of global m®A specificity, we developed a novel massively parallel
reporter assay approach that we term MPm®A. MPmSA enabled us to assess the methylation status
of thousands of designed mRNA sequences in a high throughput manner. Using MPmSA, we
discovered that extrinsic factors that suppress thousands of potential methylation sites are essential
for global control of mA specificity. Further investigation using a combination of bioinformatic
analysis, minigene reporter constructs and siRNA knockdown revealed that many of these sites
are suppressed by EJCs. EJCs mediate multiple global characteristics of m°A specificity by
packaging exon junction-proximal RNA following pre-mRNA splicing and protecting it from m°A
methylation. Since EJC positioning on mRNAs is determined by the exon structure that is created

during pre-mRNA splicing, our findings indicate that exon architecture is a principal determinant
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of m°A methylation. For instance, some transcript variants with longer exons, generated through
non-canonical splicing events such as IR and intronic APA, appear to be methylated in mRNA
regions in which methylation is ordinarily suppressed by EJCs. Depletion of EJCs results in
aberrant methylation of thousands of transcripts, leading to m®A-mediated gene expression
dysregulation. Finally, we note striking parallels between the ability of EJCs and peripheral EJC
factor RNPS1 to suppress proximal methylation and the ability of EJC and RNPS1 to suppress
splicing. We find that EJC-suppressed methylation sites colocalize with EJC-suppressed splice
sites, suggesting that EJCs and exon architecture broadly determine accessibility of local mRNA
to regulatory machineries through packaging of exon junction-proximal mRNA. Altogether, we
identify EJCs as mSA suppressors that control global m®A methylation specificity, revealing
important previously unrecognized links between m°A methylation and splicing, exon architecture

and mRNP packaging.
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Future questions

1.

2.

Are there more mSA suppressors, beyond the EJC, that suppress méA deposition?

What determines the length of RNA that EJCs protect from methylation? Are there
predictable rules that determine exactly how much RNA is protected?

Does EJC-mediated mRNP packaging control general accessibility of RNA to additional
regulatory machineries beyond the m°A methylation and splicing machineries?

What are the relative contributions of different m®A regulatory mechanisms to the m®A-
mediated gene expression dysregulation observed upon EJC depletion?

To what extent can variation of mRNA exon architectures and EJC positioning explain
differential gene expression outcomes between various transcript isoforms of a single gene
or transcripts from different genes?

What are the functional effects of differential methylation of canonical transcript isoforms
and alternative transcript isoforms with longer exons?

Are there other mechanisms, beyond alternative pre-mRNA processing, that enable EJC-
suppressed m°A sites to escape EJC suppression?

Does hypermethylation of mRNA expressed from expression constructs lacking
endogenous splice sites have implications for the use of these constructs in applications
such as gene therapy?

How might remodeling of EJC composition throughout the lifetimes of mRNPs change

accessibility of mRNA to methylation, splicing and possibly other machineries?
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